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ABSTRACT
FUNCTIONAL NANOSTRUCTURES FROM
NANOPARTICLE BUILDING BLOCKS
FEBRUARY 2015
JIMMY LAWRENCE
B.Sc., THE UNIVERSITY OF TOKYO
M.Sc., THE UNIVERSITY OF TOKYO
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd Emrick
Advances in the synthetic strategies of engineered nanomaterials, multifunctional
molecules and polymers have opened pathways for the development of functional
nanomaterials having unique optoelectronic, mechanical, and biological properties.
By designing the chemistry of surface ligands, the organic interface of nanoparticles,
one can further the versatility and utilization of engineered nanomaterials, opening
pathways for breakthroughs in sensing, catalysis, and delivery using nanomaterials.
This thesis describes the synthesis and characterization of small molecule and
polymer ligand functionalized inorganic nanoparticles (e.g., metal, semiconducting).
Embedding specific chemical functionality into the ligand periphery of nanoparticles
enables the resulting functional nanoparticles to react selectively with amine
functionalized materials, crosslink into robust and functional structures, and exhibit
excellent non-fouling properties and biocompatibility.
vii
Chapter 1 presents an introduction to nanoparticle building blocks, the synthesis
of their components (nanoparticle and surface ligands), and a brief review of relevant
literature.
Chapter 2 describes a versatile method of covalent inter-nanoparticle coupling
using pentafluorophenyl ester functionalized nanoparticles (PFP-NP). PFP-NPs
readily attached to a wide variety of amine functionalized NPs. PFP-NP grafting
altered the solubility of other NPs, and selectively “turned off” the fluorescence of
amine functionalized quantum dots (QDs) in a mixture of functional and
non-functional QDs.
Chapter 3 describes a rapid fabrication of conductive nanoparticle (NP) ribbons
from hydrophobic gold nanoparticles using evaporative self-assembly. Well-defined
Au NP ribbons were obtained by reducing the ligand density, adopting one phase
NP synthesis, and narrowing the size dispersity of Au NPs. The conductivity of NP
ribbons was increased by adjustment of ligand chemistry while dramatic
improvement in conductivity was observed after thermal sintering in the presence of
polymer additives.
Chapters 4 and 5 describe the preparation of photocrosslinkable nanomaterials
to form robust, precise nanostructures. Photocrosslinkable NPs were prepared to
give ribbons and grids that were floated off substrates for further structural
manipulation. Molding photocrosslinkable NPs in a perfluorinated elastomer
template opened pathways to prepare geometrically precise NP wires, diblock NP
wires and Janus NP disks.
Chapter 6 highlights the preparation of zwitterionic polymer covered nanorods
and nanoparticles (PMPC-NR, PMPC-NP) that are highly stable, non-fouling and
biocompatible. The presence of multiple bidentate comonomers along the copolymer
backbone allows for total removal of NP native ligands and impart the NPs with high
stability and exceptional aqueous solubility. PMPC-Au NR did not foul any substrate,
viii
and exhibited non-cytotoxicity in the presence of both human ovarian cancer cells
and normal fibroblast cells. In vivo studies of PMPC-NP (pulmonary toxicity test on
laboratory rats) confirmed the non-cytotoxicity and high biocompatibility of PMPC
functionalized nanoscale particles.
Chapter 7 summarizes the thesis and presents a brief future outlook, while
detailed experimental procedures and supporting informations are described in
Chapter 8. A recent work on self-immolative crosslinkers for disassembling
nanostructures is described in the appendix.
ix
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CHAPTER 1
INTRODUCTION
The last two decades have witnessed tremendous advance in catalysis, sensing,
drug delivery and energy storage69,78,98 resulting directly from new nanomaterials, or
structures having at least one dimension between 1 and 100 nm.25,28,54,88 Nanoscale
materials exhibit size-dependent effects, the different behavior of materials when their
size becomes comparable to several particular length scales (e.g., optical wavelengths
of high energy photons (≤ 400 nm)).124 The size-dependent effects of nanomaterials
(Table 1.1) are attributed to the significantly high number of exposed surface atoms,
quantum confinement, strong interaction of dipoles with external fields and high
interfacial surface area.56 To give an example, a 1-cm cube sliced evenly into uniformly
shaped 10-nm cubes will have its original total surface area (6 cm2) increased by 6
orders of magnitude (6,000,000 m2) (Figure 1.1).
The most profound impact of nanomaterials is seen in the sub-100 nm range,
and especially the 1–10 nm range. Metallic nanoparticles (NP) such as Au NPs are
known to exhibit different color depending on their size (5 nm: purple, 25 nm: ruby
red) as the result of electromagnetic light wave interaction with the coherent
excitation of free electrons in the conduction band. Such interaction leads to an
in-phase oscillation, giving rise to surface plasmon resonance (SPR) and
enhancement of local electromagnetic field.28 Semiconductor quantum dots (QDs)
having diameter <10 nm have optical and electronic properties that are
dramatically different than their bulk, because an exciton generated in a QD (Bohr
exciton diameter of CdSe: 11.2 nm) will be confined to the QD geometry.86
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Semiconductor QDs therefore have quantized hole and electron states, and their
bandgap can be tuned by simply changing their size. As such, synthetic methods to
prepare high quality, monodisperse and precise NP building blocks are crucial to
utilize their promising size-dependent properties for real-life applications.51,97
Table 1.1: Size dependent effects on material properties
Material properties Size dependent effects
Chemical Reactivity (catalysis)
Thermal Melting point depression
Mechanical Sticking effects, shape-dependent capillary forces
Optical Tunable absorption, fluorescence, & surface plasmon
resonance
Electrical Tunneling conductivity
Magnetic Superparamagnetic effect
Figure 1.1: Surface area comparison between 1 cm-cube and after slicing the cube
to 1 mm-cubes and 10 nm cubes. Adapted from www.nano.gov
1.1 Nanoparticle Building Blocks
A combination of various synthetic efforts is required to produce high quality
functional nanoparticle (NP) building blocks, consisting of inorganic core and organic
surface ligands. While size-dependent effects can be tuned and optimized through the
combination of synthetic procedures to give well-defined inorganic core (in various
2
compositions) with excellent control in size, shape and dispersity, the surface ligand
of NP building block ultimately determines its solubility and long-term stability. As
most of the widely available colloidal NPs do not have specific functions embedded
in their surface ligands (native ligands), their lack of ‘synthetic handles’ limit the
full potential of NPs as material building blocks for making functional NP-based
structures.
Nanoparticles embedded with chemical functionalities can be considered as
“artificial atoms”, a “true” basic NP building block. The preparation and use of
such nanoparticle monomers to build hierarchical and more complex NP-based
structures, are analogous to the synthesis of oligopeptides from amino acids, and
polymers from monomers (Figure 1.2).
Figure 1.2: Characteristic length scales with the size range of nanoparticle
highlighted in red. Atom to human cells (top) and nanoparticles as artificial atoms
to many form of nanoparticle assemblies (bottom).
Engineered NPs have been widely studied because of their unique inherent
optoelectronic properties. Noble metal NPs (e.g., Au, Ag) are interesting NP
building blocks because of their size- and shape-dependent surface plasmon
resonance (SPR). The apparent optical absorption of nobel metal NPs (SPR effect)
is a result of collective electron charge oscillations in metal nanoparticles upon light
irradiation. Anisotropically shaped NPs such as Au nanorods (NRs) have two
surface plasmon resonance (SPR) modes (axial SPR: 515–520 nm, longitudinal SPR:
3
typically 600–1050 nm1), that are useful for sensing, information recording,
photothermal therapy and in vivo applications.66,151
The most popular route to prepare Au NPs is Turkevich-Frens method, in which
boiling solution of HAuCl4 was reduced by citrate injection to give aqueous Au NP
solutions (15 to 150 nm in diameter).37 Hydrophobic Au NPs can be prepared from
the popular two-phase Brust method,12 although several one phase routes50,108,148
have been proposed as well. Au NRs, however, can only be prepared to date via
aqueous route, using cetyltrimethylammonium bromide as micellar template (seed-
mediated growth method52,92 and photochemical method59,91),and therefore requiring
ligand exchange to alter their solubility.
Figure 1.3: Surface plasmon resonance of gold nanoparticles and gold nanorods in
different size and aspect ratios. Adapted with modifications from Link et al.77
Semiconducting quantum dots (QDs) have received significant attention over the
past decade because their unique optoelectronic properties are simply determined
by their size and shape (Figure 1.4).86 QDs are more attractive than traditional
fluorophores because of their wide range excitation range and narrow fluorescence
emission peak (fwhm < 50 nm). The fluorescence of QD is tunable across wide
1Depends on the size of nanoparticles and aspect ratio of the nanorods
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range of color (blue to red), making them highly promising materials for light
emitting device, lasers and imaging applications. The need to avoid surface
oxidation of QDs and quantum yield (QY) decline of CdSe core QDs (QY: ∼10%)
have led to surface modification by inorganic layer coating to give highly
luminescent and stable core/shell QDs (CdSe/ZnS, QY: 30%–50%). However the
lattice mismatch between the core and shell layers because of shell defects can still
induce quantum yield decline.
Recently a highly luminescent quantum dots having quantum yield up to 80%
were prepared in one step using the reactivity difference between Cd and Zn and
that between Se and S precursors.6 Bae et al argued that, rather than separating the
injection process to form CdSe/ZnS core/shell QDs, utilizing such different reaction
rate allows Cd and Se (with a little amount of S)-based cores to form first and Zn and
S based shells to grow successively. Such QDs (CdSe@ZnS) have core/shell structure
with composition gradients, which relieve the lattice mismatch between core and shells
(Figure 1.5). Because high quality QDs can only be prepared from high temperature
injection method, aqueous solubilization of QDs requires ligand exchange.
Figure 1.4: Left: optical absorbance of CdSe quantum dots (QDs). Right:
fluorescence emission of CdSe QDs from blue to red because of their size. Adapted
with permission from ACS.86
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Figure 1.5: (a) Schematic illustration of gradient composition CdSe@ZnS QDs. (b)
Schematic ilustration of the electronic energy level of CdSe@ZnS. (c) Ratio of Cd
(blue) to (Cd+Zn) and Se (purple) to (Se+S) from the center of QDs. Adapted with
permission from ACS.6
Key to full utilization of these metal or semiconducting NPs as functional NP
building block is their surface ligand, the “organic interface” of NPs. Besides
determining the solubility and stability of NP in solution, surface ligands also
determines the surface charge, chemical functionality, and biocompatibility of the
nanomaterial. Small molecules having phosphine oxide,100,123 terminal thiol,129
multiple thiols,18,127 amine,46,108 or carboxylate109 groups have been reported and
used as surface ligands for metal and semiconducting NPs. Polymer based ligands
are also excellent surface ligands, providing robust steric coating, solubilization and
stability in challenging environments (e.g., high salt concentration, high
temperature).1 Advances in controlled radical polymerization techniques (ATRP,82
RAFT11) opened pathways to afford thiol-terminated polymer/copolymers in facile
manner (post-polymer modification,39 using disulfide initiator,135 cleaving RAFT
agent72,102,114).
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Functional ligands can be attached to/ grown from NP surface during synthesis
(grafting-from method), or exchanged (grafting-to method). Grafting-from method
gives NPs having high density of surface ligands, but has many limitations and poor
control over targeted ligand length. Although grafting-to requires slightly more
material during the process, the method is more versatile and applicable towards a
wide variety of ligands that may not be stable under NP synthesis condition123
(e.g., highly reducing, high temperature) and may alter NP properties (size, shape)
during synthesis (i.e., reduction of metal precursor, ligand effect on NP nucleation
and growth). During grafting-to ligand exchange, the binding affinity of the ligands
and chemical equilibrium determine the stability and the grafting density of
functional groups on NP surface.140 Insufficient ligand exchange often leads to NP
aggregation. Ligands having low binding affinity can detach from NP surface during
purification steps. NPs stabilized by such ligands often do not have long term
shelf-life and cannot be used for delivery applications.130 Polymer based ligands are
used to overcome this limitation as they provide better steric stability and resist
environmental change induced aggregation (e.g., ionic strength, pH change).110 NPs
covered with strongly binding polymer based ligand will be highly stable in various
environments, can be easily cleared out of body, and do not accumulate.43
Although grafting the surface of NPs with various ligands for solubilization
purpose proved useful for many applications, as descrbed above, embedding
chemical functionality to the NPs allows manipulation of individual NPs as
functional building blocks (in contrast to “brick-and-mortar” approach10), opening
new opportunities for NP based composites and structures. Emrick and coworkers
described the preparation and use of “crosslinkable” QDs (QDs embedded with
cyclic olefins or styrenic based surface ligands) to form robust QD membranes
(Figure 1.6).74,123
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Figure 1.6: (a) Preparation of crosslinkable QDs (b) Confocal microscope image of
QD membranes floated in water after crosslinking. Adapted with permission from
ACS.75
Thiol based molecules and thiol containing polymers as NP surface ligands are
used to stabilize NP building blocks described in this thesis. Thiol groups provide
robust binding to NP surface, yet mobile enough to allow ligand exchange process
to occur. Many synthetic routes are available to prepare small molecule based thiol
ligands (Figure 1.7). As described above, thiol terminated polymers can be prepared
using ATRP by synthesizing disulfide ATRP initiator, followed by polymerization of
the monomer and disulfide cleaving (Figure 1.8). Alternatively RAFT polymerization
technique can give thiol-terminated polymer by simply cleaving the thioester moiety
of the resulting polymer.
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Figure 1.7: Small molecule-based thiol ligands prepared using (a) thiourea, (b)
potassium thioacetate, (c) thioctic acid, and (d) thiolacetic acid
Figure 1.8: Thiol terminated polymer based ligands prepared by ATRP and RAFT
polymerization techniques
1.2 Fabrication of nanostructures
Two common methods used in fabricating nanostructures are the ”top-down”
method (carving out/adding molecules to a surface) and the ”bottom-up” method
(assembling atoms or molecules in colloidal solutions into nanostructures). Top-down
methods, i.e., lithographic techniques, require multiple fabrication steps in a dust-free
environment with repeated use of photomasks and photoresists, followed by washing
steps. This disadvantage, however, has been somewhat reduced by the development of
soft lithography and nanoimprint lithography (NIL), which require master template
to be fabricated only once.48,134
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Less-strict bottom-up methods offer more interesting pathways to form NP
assemblies, as it relies on the interaction between the nanomaterials, and/or
between the nanomaterials and their surrounding matrix to afford hiearchical and
well-ordered nanostructures. Nanostructures from self-assembling/aligning NPs by
changing solvent quality,88 pH,81 evaporation rate,79 and electric/magnetic field.109
Adding chemical reactivities to the NPs to form covalent inter-NP coupling can
realize the formation of highly robust nanostructures. Furthermore, taking the
advantages of top-down and bottom-up method, guided self-assembly methods have
been developed to produce spatially controlled nanostructures. For example,
well-ordered, parallel NP ribbons with nearly identical spacings were obtained from
evaporative self-assembly methods.60 However, most of self-assembly methods still
rely on the use of water-soluble and non-functional NPs.34 Methods that use
organosoluble, functional NPs and offer precise positioning of NPs, such as flow
coating can be highly useful for many bottom-up fabrication process.
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CHAPTER 2
NANOMATERIALS FOR INTERNANOPARTICLE
COVALENT COUPLING
2.1 Introduction
The availability of nanoparticles (NPs) having chemical functionality useful for
forming covalently connected, hybrid NP structures is promising for numerous
applications, such as labeling, sensing and catalysis.54,68,89 Seminal work of Mirkin
and Letsinger on DNA-interconnected binary nanoparticle (NP) networks83,85
inspired reports of complementary functional ligand pairs and bifunctional DNA
linkers for covalent inter-NP coupling.22,80,95,118 Methods to form inter-NP covalent
linkages from brick-and-mortar83,85, and ”sticky” NPs have opened paths to
multifunctional hybrid nanocomposites, which exhibit enhanced energy transfer,
non-wetting properties, photoactivity, and more selective drug delivery. However,
such methods are still limited by a lack of general versatility or scalability of the
functional ligands (i.e., thiol functionalized DNA linkers). Recent alternative
approaches to prepare interconnected NPs described in situ synthesis of the second
NP component on the surface of the first NP component (e.g., heterodimers), and
the use of non-covalent electrostatic forces in aqueous media.
Covalent coupling of chemically reactive NPs employing simple, catalyst-free
conditions would be beneficial for making hybrid nanostructures. Covalent NP
coupling by a catalyst-free acylation, for example, using NPs functionalized with
amine-reactive ligands, is attractive for achieving NP interconnections.
N -hydroxysuccinimide (NHS) esters, employed as acylating reagents in
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bioconjugation, are described as ligands for labeling Au clusters(Au11(P(C6H5)3)7),
while sulfoNHS-(4-N -maledoimidomethyl) cyclohexane-1-carboxylate crosslinkers
are reported for attaching dye-doped SiO2 NPs to magnetic NPs (mNPs) for
imaging. However the well-documented competing hydrolysis problem of NHS ester
groups is expected to translate to functional NPs, and therefore facile preparation of
organosoluble NPs having a robust corona of amine reactive moieties would be
highly desirable.
In this study Au NPs decorated with a corona of pentafluorophenyl ester (PFP-Au
NPs) were prepared and examined as building blocks to form covalently-linked NP
structures. PFP esters should be useful as NP ligands, given their known enhanced
hydrolytic stability relative to NHS esters, but to our knowledge such structures have
not been reported. The strategy presented offers several advantages: 1) the simple
preparation of PFP-NPs; 2) the rapid reaction of PFP-NPs with amines; and 3) the
generality of this approach across numerous NP compositions. Remarkably, PFP-
NPs afford well-defined covalent NP assemblies with a fidelity normally derived from
more complex coupling methods. The effectiveness of the PFP ligand periphery for
coupling was confirmed by visualization of NP-NP connectivity using transmission
electron microscopy (TEM), and the quenching of NP photoluminescence (PL) by
reaction of amine-functionalized quantum dots (QDs) with PFP-Au NPs.
2.2 Synthesis and characterization of PFP-NPs
Mercaptoundecanoic acid (MUA)-functionalized Au NPs were synthesized by a
one phase method (see Chapter 8), and PPF-functionalization to afford NP-1 was
accomplished by carbodiimide coupling of pentafluorophenol with the MUA-covered
NPs. A solution of MUA-Au NPs in DMF (20 mg in 1 mL), averaging 5 nm in
diameter, was added to a stirring DMF solution of pentafluorophenol (0.2 M) followed
by addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 0.1 M) and
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continued stirring for 30 min. The PFP-Au NPs were purified by three precipitation-
centrifugation-redispersion cycles and stored as DMF or CHCl3 solutions at room
temperature. FTIR spectra of the product (PFP-Au NP, NP-1) showed the presence
of signals corresponding to the PFP group at 1004 and 1523 cm−1 (νbending of aromatic
C-F and νstretching of aromatic C-C (in-ring)) (Figure 2.1), and signals corresponding
to C=O next to PFP groups (1790–1820 cm−1). The amine functionalized NPs (NP-
2) utilized here were prepared as reported in the literature: cysteamine functionalized
Au NPs (NP-2Au, 30 nm diameter), amine functionalized SiO2 NPs (NP-2SiO2, 50
nm diameter), 11-aminoundecane-1-thiol functionalized CdSe@ZnS QDs (NP-2QD,
13 nm diameter) and dopamine functionalized superparamagnetic Fe2O3 NPs (NP-
2mNP , 18 nm diameter). The bright red NP-2Au were freshly prepared and used
within 2 days. Well-dispersed NP-2SiO2 was obtained by brief sonication of the
pelletized NP-2SiO2, followed by a brief centrifugation cycle (30 s at 5 krpm) to
remove any aggregates. NP-2QD was obtained by exchanging the native oleic acid
ligands on the CdSe@ZnS QDs with 11-aminoundecane-1-thiol. Similarly, NP-2mNP
was obtained following ligand exchange of the native oleic acid ligands with dopamine
hydrochloride.
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Figure 2.1: (Top-to-bottom) FTIR spectra of pentafluorophenol,
bispentafluorophenyl carbonate, pentafluorophenyl ester functionalized Au NP
(PFP-Au NP, NP-1), mercaptoundecanoic acid (MUA), and MUA functionalized
Au NP (MUA-Au NP)
For NP conjugation, NP-1 (1-3 nmol) was added to a solution of NP-2 (1
nmol) and let stand for ∼10 min. In the case of aqueous NP-2 samples, a
concentrated solution of NP-2 (1 nmol, 20 µL of 50 µM) was added to a DMF
solution of NP-1 (1–3 nmol, v/v 1:50). NP stoichiometry was determined from the
NP extinction coefficient, diameter, density and concentration (mg/mL). The
PFP-ester ligand coverage enabled the successful grafting of NP-1 onto the surface
of NP-2 of various compositions to form NP@NP structures. TEM image analysis
(assuming spherical NPs and symmetrical front-back surface grafting) showed high
grafting density (calculated as the number of NP-1 on a spherical surface of 100
nm2) of NP-1 on NP-2Au (1.4±0.5 NP/100 nm2), NP-2SiO2 (0.4±3 NP/100 nm2),
NP-2QD (0.4±0.1 NP/100 nm2) and NP-2mNP (1.2±0.4 NP/100 nm2). The larger
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standard deviation (75%) in NP-1 grafting density on NP-2SiO2 is presumably
because of the variation in the number of amino groups on NP-2SiO2 and steric
hindrance imposed by agglomerated NP-2SiO2. Although NP-2SiO2 was prepared
from post-functionalization of silica NP using (3-aminopropyl) trimethoxy silane,
amine groups on silica NPs can be internalized or sequestered during aminosilation.
NP-2Au is functionalized only with cysteamine ligands, and the
1H NMR of
NP-2QD showed quantitative ligand replacement from the native oleic acid ligands
to amine-thiol ligands (i.e., the absence of olefin signal of oleic cid ligand at 5.3
ppm), and the high water solubility of NP-2mNP suggested successful replacement
of its native oleic acid ligand with dopamine hydrochloride. Irrespective of the
observed differences in grafting density across NP compositions, these experiments
confirm the ability of PFP ligands to facilitate inter-NP coupling at densities equal
to or greater than those enabled by more complex methods such as DNA.
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Figure 2.2: (a) Conjugation between PFP-NP (NP-1) and amine-functionalized
NPs (NP-2); (b) TEM images of PFP-Au NP conjugation to (left-to-
right): cysteamine-Au NPs (NP-2Au), amine-functionalized silica NPs (NP-
2SiO2); 11-aminoundecane-1-thiol functionalized CdSe@ZnS (NP-2QD); dopamine
functionalized Fe2O3 magnetic NPs (NP-2mNP ). Scale bars = 10 nm.
2.3 Conjugating NP to NP (NP@NP)
Interestingly, we noted that NP-1 is arranged neatly on the surface of NP-2
(Figure 2.3a). This well-defined arrangement of NP-1, presumably because of the
mobility and conformation arrangement of surface ligands on NPs, allowing for high
density grafting of NP-1 on NP-2. As shown in Figure 2.3 (with dotted lines as
visual aids), NP-1 are closely packed on the surface of NP-2Au with a few topological
defects becase of the surface curvature of NP-2Au, steric hindrance, and statistically
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random coupling of NP-1 to NP-2, which resembles the experiment results Weitz and
coworkers obtained for the minimum energy configurations of particle with arbitrary
repulsive interactions on curved surfaces. The inter-NP couplings were not influenced
strongly by NP size; similar rapid formation of densely covered NP@NP structures
were observed when using 2.7 nm 11-aminoundecane-1-thiol covered Au NPs as the
NP-2 component (Figure 2.3a).
Figure 2.3: (a) Dense grafting of NP-1 on NP-2Au (30 nm and 2.7 nm). The
well-defined arrangement of NP-1 on NP-2 surface is highlighted as a visual aid;
(b) Grafting NP-1 onto NP-2mNP and isolation of NP-1@NP-2mNP structures;
(c) TEM images of NP-1@NP-2mNP . Inset: NP-1 packing on NP-2mNP shown in
color, with lines added as a visual aid. Scale bars: 10 nm
Our results suggest potential use of NP-1 as a versatile starting material in
conjunction with numerous varieties of NPs. For example, addition of excess NP-1
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to NP-2mNP (10 equiv.) in solution afforded conjugated structures that were
separable from unreacted NP-1 using a magnet (Figure 2.3b) and
pipette/redispersion cycles. Such dense grafting of NP-1 on the surface of
NP-2mNP (insoluble in DMF) rendered NP-2mNP soluble in DMF, effectively
exchange organic ligands for NP ’ligands’. TEM image analysis showed NP-2mNP
extensively grafted with NP-1 (Figure 2.3c, Figure 2.3c inset), and the near
absence of unreacted NP-1 (Figure 8.5). Such efficient reaction between PFP-NPs
and amine functionalized NPs may prove useful for labeling and optoelectronic
studies. Rapid photoluminescence (PL) quenching of amine functionalized QDs
(NP-2QD, 0.5 nmol) was observed when they were combined with 2 nmol of NP-1
(Figure 2.4). Using the same QD/Au NP ratio, a solution of nonfunctional QDs
(i.e., covered with their native ligands) when combined with nonfunctional Au NPs
did not exhibit PL quenching even after 2 h (Figure 2.4a, in which the slight PL
decrease is attributed to the optical absorption of Au NPs). The combination of
other nonfunctional Au NPs also led to retention of fluorescence (Chapter 8). In
contrast, even a very low ratio (1:20) of NP-1 to NP-2QD led to a rapid and large
reduction in PL intensity (Figure 2.4b, Chapter 8). Total PL quenching was not
observed at this NP ratio, presumably because of the presence of non-grafted QDs
within the NP-1@NP-2QD structures (Figure 2.4c) and the size-dependent effects
on surface energy transfer (SET), as seen from the bimodal PL spectrum of the
NP-1@NP-2QD structures (Figure 2.4b). Similar PL quenching was observed when
NP-1 were added to 11-aminoundecane-1-thiol functionalized CdSe/ZnS core/shell
QDs (Chapter 8). These results confirmed that PL quenching is not influenced by
the composition of QDs, but the proximity of Au NPs to the surface of QDs (< 6
nm), in accord with studies on surface energy transfer (SET) of Au NPs attached to
quantum dots.
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Figure 2.4: PL spectra, images and photographs of: (a) non-functional, oleic acid
covered QDs (OA-QD) combined with non-functional, dodecanethiol covered Au NPs
(DDT-Au NP); (b) amine functionalized CdSe@ZnS QDs (NP-2QD) combined with
PFP-Au NPs (NP-1). In each photograph, the tubes on the left are before adding
NP-1, and the tubes on the right after adding NP-1. (c) TEM images of NP-
1@NP-2QD. Scale bar: 10 nm.
2.4 Selective quenching of amino-QDs by PFP-Au NPs
Additional experiments confirmed the PFP-ligands as enabling a selective binding
of NP-1 to amine-functionalized QDs, accomplished by adding NP-1 to a mixture
of CdSe QDs in which 50% were functional (amines avaiable for reaction) and 50%
nonfunctional QDs (alkyl periphery). For example, oleic acid functionalized QDs
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(OA-QD, λem: 510 nm (cyan)) were added to NP-2QD(λem: 590 nm(orange-red))
to form a yellow emitting QD mixture (total amount of QD: 0.05 nmol). The PL
spectrum of the initial QD mixture showed distinct peaks for each QD (510 nm and
590 nm). Adding a solution of NP-1 (0.2 nmol) to the QD mixture led to a reduction
in PL only for NP-2QD (590 nm) that are able to conjugate to the Au NPs (Figure
4).
As shown in Figure 2.5, the temporal evolution of the PL spectra suggests that
NP-1 selectively reacts with NP-2QD forming NP@NP structures (and/or crosslinked
structures) that precipitate, and the PL spectrum is then dominated by the non-
functional cyan OA-QDs. Optical scattering was observed at higher amount of QDs
(2.5 nmol), likely because of the extensive formation of crosslinked Au NP-QD (NP-
1@NP-2QD) clusters. To confirm a selective quenching, the solution mixture was
centrifuged briefly (4000 rpm, 1 min) to remove the aggregates, and fluorescence
from the non-functional cyan QDs was seen in the supernatant (Figure 2.5 inset).
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Figure 2.5: PL emission spectra of QD mixture containing non-functional QDs
(cyan) and NP-2QD (red) upon PFP-Au NP (NP-1) addition (black). After adding
NP-1, PL emission spectrum was taken every 10 min (red to purple) until 40 min and
after 2 h (magenta). Inset: fluorescence image of a dilute QD mixture after selective
quenching by NP-1 and centrifugation (4 krpm, 1 min), showing the cyan color of
the supernatant and the slightly dispersed, precipitated NP-1@NP-2QD clusters
2.5 Summary
In summary, this chapter described the versatility of PFP-functionalized NPs as
new building blocks for inter-NP covalent coupling. PFP-NPs can be grafted onto
numerous types of amine functionalized NP building blocks (including metals,
semiconductors and insulators) with alteration of optoelectronic properties as a
result of the grafting. Such a simple yet versatile NP grafting methodology will
open opportunities in hybrid nanomaterial synthesis owing to the robust nature of
the PFP moiety, including excellent stability in solution combined with rapid and
selective reactivity.
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CHAPTER 3
NANOMATERIALS FOR HIGHLY CONDUCTIVE
NANOSTRUCTURES
3.1 Introduction
Precisely positioning and assembling nanoparticles (NPs) into well-defined
nanostructures is opening new opportunities in electronics, optics, and sensing
applications. However, there remain considerable challenges in nanoparticle research
with regard to assembly methods.49 Prior studies have reported nanoparticle
positioning by conventional lithography, dip-pen nanolithography, e-jet printing,
and various other writing techniques to produce micrometer and nanoscale
structures.47,94,133 However, these techniques are often limited by complex
fabrication requirements of lithographic templates and substrates, as well as
problems associated with scalability and fabrication time.49
Regulating the dynamic self-assembly of NPs is highly desirable because it offers
an easy, inexpensive, and lithography-free route to produce well-defined
nanostructures.8 CdSe quantum dots (QDs), coated with their native alkane based
ligands (i.e., tri-n-octylphosphine oxide),were shown well-suited for preparing
NP-based ribbons (width-to-height ratio is ∼30 or greater). These NP-ribbons were
produced by flow coating, a rapid convective-driven assembly that combines the
evaporative deposition of organosoluble NPs with capillary forces.60,67 Here this NP
structure fabrication platform was used to obtain fully functional (conductive) NP
ribbons by tailoring the surface properties of organosoluble Au NPs.
Several reports describe the use of Au NPs as conductive NP building blocks,
such as by evaporative assembly from aqueous solutions of citrate-stabilized Au NPs
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deposited on a glass substrate by vertical colloidal deposition (VCD).28,30,55 Au NP
wires prepared by this technique are large, typically 5–180 µm in width and 100 nm
in height.55 In a recent study, Farcau et al. fabricated Au NP wires from citrate-
stabilized Au NPs by convective self-assembly (CSA) obtaining Au NP wires several
micrometers in width and <100 nm in height.35 Although VCD and CSA allow for
the facile formation of Au NP wires, these processes are time-consuming (meniscus
velocity: ∼0.004 mm/s), do not allow precise control over spacing between NP wires,
and require the use of water-soluble NPs. The flow coating process is significantly
faster (meniscus velocity: 1.5 mm/s), allows precise control over spacing between NP
ribbons (µm resolution), and exploits organosoluble NPs.
Since Brust reported the preparation of dodecanethiol-stabilized Au NPs using a
two-phase method,12 significant efforts have been devoted to the structure-property
relationships of organosoluble Au NPs using Langmuir monolayers,17,44,129
clusters,125,149 crystalline aggregates,28,46 and directed assembly.29,34,55 In this study,
Au NP ribbons were prepared from organosoluble Au NPs and their morphologies
and electrical properties studied. It was found that well-defined NP ribbons could
not be prepared from dodecanethiol-stabilized Au NPs, prepared by the standard
Brust two-phase method, despite the facile formation of well-defined NP ribbons
from CdSe QDs prepared by standard syntheses.86,101 As shown below, the ligand
density, nanoparticle size dispersity, and surfactant contamination should be
considered for preparing well-defined Au NP ribbons. The Au NP ribbons were
found to be conductive over substantial length scales, confirming the excellent
fidelity of the flow coating technique, and advancing the understanding of NP
assembly to make functional nanostructures. The striking differences from previous
works on Au NP assembly and patterning include the simplicity of the process (it
resembles the widely implemented screen printing process, but does not require
templates), the 2 orders of magnitude shorter time scale required to prepare high
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resolution NP ribbons using hydrophobic NPs, the extreme length of the conductive
Au NP ribbons (∼cm), and the efficient use of NPs (orders of magnitude less than
inkjet or spin coating process).
3.2 Synthesis of Hydrophobic Au NP and Flow Coating
Here dodecanethiol stabilized Au NP samples (Au NP-1–Au NP-3) prepared
by different synthetic routes for NP deposition by flow coating were examined. Au
NP-1 was synthesized by a one-phase method149 and Au NP-2 by the Brust two-
phase method,12 while Au NP-3 was a commercial sample obtained from Ocean
Nanotech (AuO-05-0025) (see Chapter 6 for the details of Au NP synthesis). Later,
dodecylamine covered Au NP-4, prepared by a one-phase method,108 and Au NP-
5, a mixture of Au NP-4 with polystyrene were also described. X-ray photoelectron
spectroscopy (XPS) of Au NP-1 and Au NP-2 samples did not detect reaction-by-
products (i.e., triphenylphosphine for Au NP-1 and tri-n-octylammonium bromide
(TOAB) for Au NP-2). UV/vis spectra and TEM images of Au NP-1 and Au
NP-2 are shown in Figure 3.1. A well-defined surface plasmon resonance (SPR) for
each sample at 520 nm confirmed their narrow size dispersity. TEM analysis showed
Au NP-1 to be 5.0 ± 0.5 nm and Au NP-2 to be 3.8 ± 1.3 nm. The commercial
Au NPs used in this study (Au NP-3) were also of narrow size dispersity (5.1 ± 0.7
nm).
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Figure 3.1: UV/vis spectra and TEM images of Au NP-1 and Au NP-2. Inset:
TEM images of Au NP-1 and Au NP-2.
Au NP ribbons on glass substrates were prepared from these samples by flow
coating, and their optical microscopy images are shown in Figure 3.2. In a typical
experiment, a dilute solution of Au NPs (1 mg/mL, [Au NP5nm] =1.3 µM) is
introduced between a flexible coating blade and the underlying substrate (Figure
3.2a). Capillary forces trap the NP solution under the blade, and solvent
evaporation drives the NPs to the contact line. Following a prescribed deposition
time to form an individual ribbon, the substrate is translated to stretch the
meniscus and move the contact line to a new position. As seen qualitatively in
Figure 3.2b, the quality of the AU NP ribbons obtained from Au NP-1 solution
was much better than those from Au NP-2 and Au NP-3 solutions. As shown
later, higher quality of Au NP ribbons exhibit better continuity and conductivity
and are not disrupted significantly by surface dewetting. The quality of Au NP-1
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ribbon was found not affected by varying the deposition time. In Au NP-2 ribbon
arrays, the effect of periodic fingering instabilities (likely Marangoni
instabilities14,36) became pronounced when deposition time was decreased from 1 to
0.5 s (Figure 3.2b). For Au NP-3 ribbons, similar instabilities were observed.
Figure 3.2: (a) Schematic illustration of the preparation of Au NP ribbons by flow
coating, showing the stick-and-slip deposition of Au NPs as the stage was translated
and the velocity profile of the stage translation. (b) Optical microscopy (OM) images
of Au NP ribbons prepared by flow coating (left to right: Au NP-1, Au NP-2, and
Au NP-3). Au NP ribbons were deposited with various deposition time (given in
the left of each micrograph row as tstop. Scale bar in each image is 20 µm.
The quality of Au NP ribbons was hypothesized to be improved by adjusting
their surface energy, by decreasing ligand density on NP surface. A lower ligand
density would also reduce interparticle distance in the deposited structures and
potentially improve conductivity.13,40 Surfactant-free Au NP synthesis proved
useful, since surface energy of the NP-solvent interface is important for controlling
line fidelity. Adopting surfactant-free synthesis115 was crucial for the successful
fabrication of Au NP ribbons.
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The ligand density (normalized for NP surface area) of each Au NP sample was
calculated from the organic weight percent of the sample determined by TGA and
the NP diameter determined by TEM. This gave ligand densities of 7.1, 8.0 and
8.6 molecules/nm2 for Au NP-1, Au NP-2, and Au NP-3, respectively. Even
the modest reduction in ligand density of Au NP-1 compared to Au NP-2 (12%
less) and Au NP-3 (18% less) evidently had a substantial impact on the quality of
the NP ribbons. XPS characterization indicated a higher carbon-to-thiol ratio for
Au NP-2 and Au NP-3 samples relative to Au NP-1, suggesting the presence of
nonthiol-contaminant on Au NP-2 and Au NP-3 surfaces (see Chapter 8). Since
using NPs with depleted ligand coverage and/or free of surfactants proved crucial
to successful production of high quality of Au NP ribbon arrays, the structural and
electrical characterizations that follow were performed on NP ribbons prepared from
Au NP-1.
Figure 3.3 shows SEM and AFM images of Au NP-1 ribbon arrays obtained on Si
substrates. Figure 3.3a is an SEM image of a single Au NP ribbon, and Figure 3.3b
showed a magnified image of an area within the ribbon, in which individual Au NPs
(diameter: ∼5 nm) are seen as a densely packed multilayer. The nanometer-scale
waviness at the ribbon edge was presumably the result of modest periodic fingering
instabilities. The width of the ribbons seen by SEM was ∼600 nm. Cross-sectional
AFM images of the Au NP ribbons showed their width and height to be in the range
of 500–700 and 30–50 nm, respectively. The height of Au NP ribbons obtained by
flow coating is comparable to previous reports, on Au wires prepared from aqueous
solution of citrate-stabilized Au NPs,34,55 but the ribbon width obtained by flow
coating is 1–2 orders of magnitude smaller. As such, these results showed that flow
coating is useful to ”write” organosoluble conductive elements with fine features and
tailorable patterns (by adjusting blade shape67) in a rapid manner.
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Figure 3.3: (a) SEM image of a ribbon prepared from Au NP-1 on a Si substrate.
(b) Magnified SEM image showing individual densely packed Au NPs. (c) AFM 3D
image (height mode) of a Au NP-1 ribbon.
3.3 Conductivity Measurements of Au NP Ribbons
Next the Au NP ribbons prepared by flow coating from hydrophobic NPs such
as Au NP-1 were examined, whether they exhibit measurable conductivity, as they
should if the NPs are spaced closely.17 The literature describes a dependence of the
Au NP conductivity on ligand chain length, in support of a distance-dependent
electron-hopping mechanism in Langmuir monolayers of alkanethiol-stabilized Au
NPs.15 However, reports of alkanethiol functionalized Au NP monolayers vary
considerably with respect to measured conductivity values. One report describes no
detectable current from Langmuir-Schaeffer layers of dodecanethiol stabilized Au
NPs,42 while several studies reported the conductivity of dodecanethiol stabilized
Au NP monolayers to be 105 S/m.125,129,144 Alkyl ligand length dictates the outcome
of these measurements – films of Au NPs with shorter ligands have shorter inter-NP
distance and exhibit higher conductivity. Chen et al. reported the ohmic
conductivity of n-butanethiol stabilized Au NPs on the order of 10−1 S/m,
depending on the inter-NP distance reached upon compression (the monolayer is not
conductive at inter-NP distances larger than 2.5 nm).17 We note that all
conductivity studies mentioned above used Au NPs synthesized by the two-phase
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method, in which the variable results might be attributed to variable amounts of
cationic surfactant ligand (TOAB).131,141
To measure the conductivity of Au NP-1 ribbons, two interdigitated electrode
(IDE) configurations were prepared, top-contact and bottom-contact, by shadow
mask lithography (Figure 3.4). In the top-contact configuration, Au NP-1 ribbons
were prepared by flow coating on glass, then covered with a lithography mask.
Electrical contacts were introduced by evaporation of gold (electrode thickness: 100
nm). through the mask. In the bottom-contact device, the gold electrode
configuration was first evaporated on glass (electrode thickness: 50 nm), followed by
application of Au NP-1 ribbons by flow coating over the electrodes. 500 Au NP
ribbons were drawn between IDE fingers in each configuration, giving a sufficiently
high current response for measuring conductivity, therefore reducing the impact of
structural defects in any one line. The potential window was set at 2 V (–1 to 1 V),
so as to avoid undesirable effects such as electrical sintering. The average ohmic
response (I–V curve) of the Au NP ribbon samples (at least 6 samples per category)
was measured using the two-point probe method, and these are the values reported
for conductivity. The four-point method was also employed to verify the two-point
results, with little difference in conductivity noted between the two types of
measurements. As shown in Figure 3.4b, the top-contact configuration displayed a
linear current–voltage (IV) response, without hysteresis on dual sweep. The current
response was noise free at voltage sweep rate of 10 mV/s. The measured
conductivity was 0.87 ± 0.3 S/m, calculated from :σ = L/(N ×A×Rmeas) using the
values of measured resistance (Rmeas = 8.0 × 106 ohm), cross-sectional area of the
Au NP ribbons obtained from AFM analysis (A=2.0 × 10−14 m2), distance between
each IDE fingers (N = 500). Control measurements made by placing one probe on
an area between Au NP-1 ribbons did not produce any current response, confirming
that the ribbons are responsible for the observed conductivity. SEM analysis and
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conductivity measurements of Au NP-1 ribbons prepared in a bottom-contact
configuration suggests conformal deposition of Au NPs as continuous ribbon arrays
on the 3D structure (Figure 3.4c,d), with the ribbons bridging the electrodes,
spanning a 500 µm gap that is 50 nm deep. Au NP-1 ribbons prepared in a bottom
contact configuration on glass were visualized by electrically connecting the SEM
sample mount to one of the gold electrodes. The SEM image in Figure 3.4c shows a
conductive pathway between Au NP-1 ribbons and the underlying gold electrode.
We speculate that the slightly nonlinear IV response (tunneling effect) (Figure 3.4d)
and conductivity decrease (5.0 ± 3 × 10−2 S/m) of this bottom-contact device were
due to increased inter-NP distance at the edge of the electrodes. Electrical
characterization using conductive AFM, by physical attachment of a gold plate and
AFM probe onto the ribbons, yielded lower conductivity values (3.3 × 10−2 S/m,
see chapter 8). Top-contact devices exhibit higher conductivity because high
interfacial contact is achieved as the gold electrode is evaporated continuously onto
the Au NP ribbons, permitting layer interpenetration.
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Figure 3.4: (a) Schematic diagram of top- and bottom-contact device fabrication.
(b) Current–voltage (I–V) characteristics of Au NP-1 ribbon arrays measured in
a top contact device. I–V response from a dual sweep (red) indicated linear ohmic
response of NP ribbon arrays across the potential window with no hysteresis. (c) SEM
image of Au NP-1 ribbons on interdigitated electrodes (bottom contact device).
Inset: a 100 µm long Au NP-1 ribbon bridging two electrodes. (d) The I–V
characteristics of a Au NP-1 ribbon array measured on a bottom contact device.
3.4 Binding Group Effect on the Conductivity of Au NP
Ribbons
The effect of ligand binding groups on the conductivity of Au NP ribbons was
examined by comparing samples prepared from dodecylamine- (Au NP-4, 3.3 ±
0.7 nm, ligand coverage: 7.2 ligands/nm2), and dodecanethiol-covered Au NPs (Au
NP-1). Dodecylamine and dodecanethiol have similar alkyl chain length, but
amines bind less strongly to the gold surfaces than thiols. However, since prior
reports suggest that the electronic properties of amine-functionalized Au films are
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more conductive than thiol-functionalized ones,33,136 we included dodecylamine Au
NPs in our Au NP ribbon formation and characterization. Au NP-4 ribbons
(two-point probe, top contact configuration) showed linear ohmic behavior without
hysteresis, and conductivity values of (33 ± 15 S/m), about 2 orders of magnitude
higher than Au NP-1 ribbons (Figure 3.5). Four-point probe measurements
showed the conductivity of Au NP-4 ribbons (56 S/m) to be similar to the
commercial conducting polymer PEDOT:PSS (∼40 S/m).93 The better electrical
performance of amine-functionalized NPs compared compared with their thiol
counterparts is thought to be due to more efficient electronic coupling of the
nitrogen lone pair to the Au surface through a hybrid wave function formed along
the metal–ligand bond axis.33,136 For example, Parsons et al. reported that for
ligands with alkyl chain lengths of 6–18 carbon, the conductivity of alkylamine
covered Au NP monolayer was approximately 2 orders of magnitude higher than the
Au NP monolayer prepared from alkanethiol stabilized Au NPs.23 Thus, the results
agree with previous studies and extend the importance of this concept to the
electrical properties of Au NP ribbon assemblies.
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Figure 3.5: Nominal current–voltage response of Au NP ribbons prepared from
dodecylamine-covered Au NPs (Au NP-4, red) and dodecanethiol-covered Au NPs
(Au NP-1, black).
3.5 Controlled Thermal Sintering of Au NPs
Many nanoparticle-based applications benefit from removal of organics (i.e.,
ligands) to avoid resistive losses and to make the deposited layer insoluble.
However, since the as-deposited NP ribbons have significant inter-NP voids, a
porous structure results from thermal annealing, and the conductivity of Au NP-1
and Au NP-4 ribbons decreases after thermal annealing (150–240◦C). Attempts to
sinter Au NP ribbons by microwave or UV irradiation created defects, giving
inconsistent results in measured conductivity. Thus, inspired by reports of Ho and
co-workers on Au NP-PEDOT films,122 we added a trace amount of
thiol-terminated polystyrene (PS, M n: 5k, PDI: 1.2) to Au NP-4 in toluene (Au
NP-5, Au:PS = 9:1 v/v, [Au NP5nm]=1.3 µM, [PS5k]=1.2 µM) and used this
mixture in flow coating to obtain Au-PS nanocomposite ribbons. The conductivity
of the deposited Au NP-5 ribbons was lower than Au NP-4 ribbons because of
the presence of polystyrene, an insulating polymer. However, upon annealing at 240
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◦C for 5 min, the conductivity of Au NP-5 ribbons increased dramatically to 105
S/m (Figure 3.6a), similar to typical conductivity values for thermally sintered
conductive adhesives prepared from micrometer-sized metal particles. The process is
reliable and reproducible: NP ribbons, irrespective of annealing before or after
electrode deposition, showed similar conductivity (1.4 ± 0.6 × 105 S/m, from all six
of the measured devices), confirming the versatility of this approach. NP ribbons
with similar conductivity were also obtained when polystyrene (no chain-end thiol)
was used as an additive (see Chapter 8). In agreement with the report of Ho and
co-workers,122 we regard polystyrene as a ”molecular filler” that acts to retard NP
coalescence, control percolation, and prevent microcracks that would reduce
conductivity. This is supported by AFM analysis: isolated NP aggregates were seen
in Au NP-1 ribbons and Au NP-4 ribbons after annealing (240 ◦C, 5 min), while
Au NP-5 ribbons maintained interconnected paths after exposure to identical
annealing conditions (Figure 3.6b).
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Figure 3.6: Log–log plot of current–voltage response of Au NP-4 ribbons (black)
and Au NP-5 ribbons before (blue) and after (red) annealing at 240 ◦C for 5 min.
(b) AFM images of Au NP-4 ribbon (top) and Au NP-5 ribbon (bottom) after
thermal annealing (240 ◦C, 5 min). Scale bars are 200 nm.
3.6 Summary
The fabrication method of high-resolution, conductive Au NP ribbon arrays was
demonstrated over multiple length scales, giving new conductive structures having
the unique combination of nanoscale height, submicrometer width, and centimeter
length. High-quality Au NP ribbons were best prepared from the least polydisperse
Au NP samples, synthesized by a surfactant free-one phase method. The linear
ohmic response of Au NP ribbon arrays strongly suggested the presence of a
continuous conductive path along the ribbon length. Conductivity measurements
and SEM analysis showed that Au NP ribbons can tolerate surface roughness and
maintain their electrical connectivity. Moreover, the conductivity of Au NP ribbons
was increased by using dodecylamine covered Au NPs, and highly conductive Au
NP ribbons were prepared by annealing Au NP-polystyrene nanocomposite ribbons.
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The use of ligands with different binding groups can increase the conductivity of NP
ribbons (56 S/m, comparable to or higher than σPEDOT/PSS), but highly conductive
structures (∼105 S/m, σgraphite: 103 S/m, σAg epoxy: 6 ×103 S/m) were only
achieved by sintering nanocomposite structures containing a polymer additive.
Thus, this report of Au NP ribbon arrays prepared from hydrophobic Au NPs
demonstrated an efficient and template free method to prepare conductive Au NP
ribbon arrays (1–10 ribbons/s) over multiple length scales, thus providing a new
platform approach to such unique, functional nanostructured materials. Further
improvement can be achieved by preparing larger NPs with
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CHAPTER 4
NANOMATERIALS FOR MECHANICALLY ROBUST
NANOSTRUCTURES
4.1 Introduction
Materials having structural hierarchy that extend over several orders of magnitude
in dimensions offer remarkable properties and multifunctionality across several length
scales.107,118 Hybrid hierarchical materials, consisting of small organic/ biomolecules/
polymers and inorganic nanoparticles (NPs), are valuable across a wide range of
applications that require improved properties relative to conventional materials or
that benefit from the properties (i.e., magnetic, fluorescent, conductive, etc.) of the
embedded NPs.45
Functional nanoparticles represent attractive building blocks for producing
ordered hierarchical NP assemblies for applications in photonics, electronics,
composites and biotechnology.38,56 However many NP assemblies do not have
adequate mechanical robustness. A major challenge in the utilization of NP
assemblies is the trade-off between the nanoscale dimension of the structure and its
mechanical stability. In addition, methods to make hierarchical NP assemblies are
often hindered by problems associated with complex multistep coating-etching
processes, scalability, and lack the ability to produce independent NP structures
having controlled geometries.118
The ability to assemble NP building blocks into large scale objects such as
centimeter-scale ribbons and grids was recently demonstrated through the use of a
guided evaporative self-assembly, termed flow coating. Flow coating is amenable to
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a broad range of NP compositions, following adjustment of the surface ligand
chemistry of the NP building blocks, to prepare ribbons that can be a single
nanoparticle thick (measuring vertically), as thin as 200 nm in width, and as long as
10 cm (or more).
Key to the preparation of robust NP ribbons is covalent crosslinking of
neighboring NPs, using the chemistry of their surface functional ligands. The
presence of crosslinkable functional groups on the ligands of ribbon forming NPs
provides a means to tune the mechanical robustness of NP ribbons. Because the
crosslinkable ligand functionalized NPs resemble multifunctional monomers, the
resulting NP ribbons are analogous to ’mesoscale’ (> 1 µm) polymers, a promising
platform for many interesting fundamental and technological applications.
4.2 Azido Copolymer Functionalized QDs
The first report of flow coated NP ribbons described the use of vinylbenzyl-
dioctylphosphine oxide functionalized - and polystyrene functionalized QDs flow
coated on SiO2 substrate. (VBDOPO-QD and PS-QD).
60 Each QD ribbons were
crosslinked by UV irradiation and floated off substrate by adding aqueous HF (5
vol%) to etch the underlying oxide layer. Although photocrosslinking allows
sequential deposition of QDs to prepare QD grids, the photocured QD ribbons
fractured into few tens of micron fragments when floated off substrate (Figure 4.1),
inspiring further examination of strategies to increase the mechanical robustness of
the QD ribbons. For example, because QDs also absorb UV irradiation, increasing
the number of photocroslinkable sites and embedding highly photosensitive
functional groups on the surface ligands can increase the number of inter-NP
junctions and hence increase the mechanical robustness of QD ribbons.
38
Figure 4.1: PS-QD ribbons released from the SiO2 oxide layer by aqueous HF
solution.60
Gradient composition CdSe@ZnS quantum dots were chosen as the QD component
because of its facile preparation, exceptional fluorescence and high oxidative stability.6
Thiol based simple molecule and polymer based ligands were chosen as the binding
groups of the surface ligands because of their strong binding to NP surface (and
hence effective ligand exchanging properties). Crosslinkable moiety of the ligand was
prepared for example, by halogen exchange reaction with sodium azide. Photolysis of
azide produces reactive nitrene species that forms many photoproducts through C–H
insertion.70,121
Bifunctional azido-thiol-α,ω-polystyrene (PSaz-SH) was synthesized using
ATRP technique and grafted onto the CdSe@ZnS QDs. Flow coating PSaz-QD
produced better ribbon quality than PS-QD ribbons, however many dewetting spots
were seen on the substrate. However, high quality ribbons could be obtained from
bifunctional azido-thiol PMMA functionalized QD (PMMAaz-QD). Crosslinked
PMMAaz-QD ribbons could be floated off substrate, but also fractured into
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several micron length fragments, presumably because of insufficient crosslinkings
or/and photodegradation of PMMA under prolonged UV irradiation.
Thiol-terminated poly(styrene-co-azidomethyl styrene) (PS-AzSty-SH)
copolymer ligands (M n: 14.2 k, PDI: 1.27) was synthesized to increase mechanical
robustness of QD ribbons because the presence of many azide pendent groups along
the polymer ligand backbone allows for numerous crosslinking junctions. QDs
functionalized with this copolymer (PS-AzSty-QD) can be easily crosslinked
under UV irradiation (< 10 min) and resist continuous washing in chloroform,
dichloromethane, toluene and other common organic solvents (Figure 4.2)
Figure 4.2: QD solutions spotted and dried on glass slide under UV illumination
(QD spots from left to right: PS-AzSty-QD (not crosslinked), PS-AzSty-QD
(UV-crosslinked), oleic acid-QD (control), after dipped several times in CHCl3.
Sequential snapshots shown from left to right showed only crosslinked QD spots
resisted solvent washing, without any change in fluorescence.
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Poly(styrene-co-azidomethylstyrene)-CdSe@ZnS Quantum Dots
(PSAzSty-QD)
Oleic acid-functionalized quantum dots (OA-QD) and thiol-terminated poly(styrene-
co-azidomethylstyrene) (PSAzSty-SH) was synthesized as described in chapter 8. A
solution of OA-QD (1 mL of 10 mg/mL solution) was added dropwise with stirring to
a solution of PSAzSty-SH (100 mg, M n: 11.6 kDa, PDI: 1.3) in dry dichloromethane
(5 mL). The mixture was stirred for 24 h, and the solution was then concentrated
by evaporation and the product precipitated into methanol. The precipitate was
collected, redissolved in dichloromethane, reprecipitated in methanol, and centrifuged.
The precipitate was dissolved again in dichloromethane, and isolated following dialysis
for 2 d. The PS-functionalized QDs were collected by solvent evaporation, redispersed
in a minimum amount of chloroform, combined with an acetone/MeOH (1:1) mixture,
and centrifuged at 5000 rpm for 15 min. 1H NMR (–CH 2–N3: 4.2 ppm) and FTIR
spectroscopy (νN=N=N , 2050 cm
−1) confirmed the presence of the polymer ligands.
Flow coating PS-AzSty-QD produced highly robust ribbons and grids, reaching
cm-scale dimensions, which after UV-crosslinked could be floated off substrate without
fractures, resembling ‘fabrics’. AFM analysis shows the width and height of the
PS-AzSty-QD ribbons to be 3.7 µm and 35–45 nm. TEM images prepared by
transferring the floating nanostructures to TEM grid showed the formation of free-
standing structures having width of 3.5 µm, in agreement with AFM results. High
magnification TEM images showed the formation of crosslinked QDs having relatively
larger inter-NP distance because of the polymer ligand layer (Figure 4.3). TGA
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analysis showed the organic content of the QD ribbon to be 70%, giving normalized
ligand density of 1.6 chains/nm2, in agreement with literature values.24,58,119
The highly robust PSAzSty-QD ribbons and grids allow for mechanical
measurements and other spatial manipulations. The elastic modulus (E) of QD
ribbons, measured by strain-induced elastic buckling instability mechanical
measurement (SIEBIMM) method,126 is in the range of 1–3 GPa. Because the
centimeter length (L) and nanometer thickness (h) of the QD ribbons yield
extremely low flexural stiffness (scales by h3/L3),67 the high modulus of the ribbon
does not inhibit its bending or ability to drape over 3D structures (Figure 4.4).
Figure 4.3: (a) TEM images of: PSAzSty-QD ribbons transferred onto TEM grid.
(b) Interconnected QDs in PSAzSty-QD ribbons. Inset : high magnification of TEM
images shown in (b)
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Figure 4.4: Fluorescence micrographs of: (a) Free-floating PSAzSty-QD ’fabrics’
(b) Freely floating PSAzSty-QD fabrics after deformation with a needle. (c) QD
fabrics conforming to the curvature of a cylindrical rod. (d) QD fabrics wrapped
around 300 µm diameter silica spheres. All QD fabrics have 30 µm mesh spacing.
Photo: J.T. Pham and D.Y. Lee
4.3 Alkene Functionalized QDs
The robust crosslinking of QD ribbons obtained from azide containing polymer
ligands provided the motivation to synthesize small bifunctional azide-thiol groups,
as small molecule ligand stabilized QDs allows for producing sub-µm wide NP
ribbons. Attempts to prepare high quality QD ribbons using
11-azido-undecane-1-thiol functionalized QDs (AzUT-QD) were not successful, as
there were many defects in the flow coated ribbons (periodic fingering instabilities
and QD contamination between NP ribbons) (Figure 4.5). Because flow coating is
sensitive to NP size and dispersity, these defects were presumably attributed to
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inter-NP crosslinking during ligand exchange, purification or flow coating. As shown
below, bifunctional alkene-thiol small molecule functionalized QDs opened path to
produce robust ribbons and grids in high quality, sub-µm resolution.
Figure 4.5: Fluorescence micrographs of: PSAzSty-QD ribbons (left) and AzUT-QD
ribbons (right). Photo: J.T. Pham.
10-Undecene-1-thiol-functionalized CdSe@ZnS QD (UDT-QD)
Small molecule ligand having terminal alkene group, a less photoreactive group,
was prepared to avoid unwanted NP crosslinking prior to flow coating process. We
initially planned to use thiol-ene chemistry to form robust inter-NP junctions (e.g.,
by adding tetrathiol compound), however as we show later, thiol-ene process is not
necessary to obtain robust QD ribbons. 10-Undecene-1-thiol (UDT-SH) was
synthesized as described in Chapter 8. 225 µL of UDT-SH in 10 mL dry toluene was
added into a 20 mL vial wrapped with aluminum foil under N2. This was followed
by dropwise addition of oleic acid-QDs in toluene (1 mL of a 7.5 mg/mL solution in
toluene). The mixture was heated at 40 ◦C for 2 h, allowed to cool to room
temperature, and stirred overnight. The solvent was evaporated to obtain
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approximately 250 µL solution, which was divided into 2 × 2 mL centrifuge tubes.
EtOH was added into each tube to give a total volume of 2 mL, and subsequent
centrifugation (10,000 rpm for 10 min) gave the product (UDT-QD). Each of the
two precipitates was dissolved in 50 µL toluene, combined with EtOH (2 mL) and
centrifuged again (10,000 rpm for 10 min). The precipitates were dissolved in
toluene, and the QD solutions were stored at –20 ◦C. 1H NMR of UDT-QD shows
85% replacement of the native ligand with UDT-SH.
Similar to PSAzSty-QD, UDT-QD (and UDT-Au NP) could form robust,
cross linked structures after UV irradiation (302 nm, 30 min). The robustness of
crosslinked UDT-QD was surprising because terminal alkene group is not a strong
photoreactive group. One plausible mechanism behind the crosslinking of
UDT-QD is the formation of highly reactive oxygen species during UV irradiation
that initiate crosslinking between QDs. The solid state crosslinking process was
monitored using FTIR operating in ATR mode. A thin film of UDT-QD was
dropcasted on the FTIR-ATR optical window and measurements were taken before
and after UV crosslinking using UV handheld lamp for 30 min. After
non-crosslinked QDs were removed by adding and wicking a small drop of CHCl3,
for the same ratio of alkane bond chains (normalized at νC-C stretch (2900 cm
−1),
characteristics peaks of terminal alkene dramatically decreased after UV irradiation
(3082 cm−1(νC-H stretch), 1648 cm−1(νC=C stretch), 915 cm−1(νalkene C-H bend) and 730
cm−1(νmethylene rock) (Figure 4.6)). TEM image analysis also showed the change of
inter-QD distance from 2–4 nm before crosslinking to 1.2–1.4 nm after UV
crosslinking (Figure 4.7). Although gradient QD are not spherical in shape, their
polyhedral shape presents negligible contribution to the mechanical robustness of
the crosslinked UDT-QD ribbons as non crosslinked ribbons readily fractures in
water upon floating.
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Figure 4.6: FTIR spectra of UDT (blue dot), UDT-QD before UV-crosslinking
(black) and after UV-crosslinked (red). Characteristic peaks of terminal alkene group
are marked with asterisk symbols (*)
Figure 4.7: TEM images showing a monolayer of UDT-QD, not crosslinked,
QD-QD distance: 2–4 nm (left) and UV-crosslinked, QD-QD distance: 1.2–1.4 nm
(middle). Several UDT-QD spots crosslinked on a glass slide and immersed in
chloroform. Scale bar: 10 nm.
Flow coating results showed that high-quality UDT-QD ribbons can be prepared
in similar manner to the standard oleic acid covered QD ribbons. Crosslinked UDT-
QD ribbons were robust and could be floated off PAA-coated substrate by adding
water, or PEG-coated substrate by adding CHCl3. TEM image analysis showed
ribbons 500 nm wide and several mm long (Figure 4.8), TEM images of UDT-QD
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ribbons at high magnification showed high density of interconnected QDs (Figure 4.8),
in contrast with PSAzSty-QD ribbons. TGA analysis showed UDT-QD contained
30% organics, in agreement with literature values.65
Figure 4.8: TEM images of crosslinked UDT-QD ribbons after floated off substrate.
(a) A fractured and folded QD ribbon. Inset: Fluorescence image of UDT-QD
ribbons on a TEM grid. (b) Magnified image of area marked in yellow circle at (a).
(c) Helical QD ribbon. (d) Magnified image of area marked in yellow circle at (c).
Floating UDT-QD ribbons by adding water at the edge of the PAA-coated
substrate resulted in a uniform release of robust QD ribbons (Figure 4.9a). The
UDT-QD ribbons could withstand severe bending and did not fracture even as
their length reached sub-cm-scale (Figure 4.9a, compare with Fig. 4.1).
Interestingly we found that the QD (and Au NP) ribbons form helical structures in
solution, despite the absence of any chiral NP/ligand component or lithographic
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method that could be used to induce helicity (Figure 4.9c, d). Due to a balance of
interfacial tension and elasticity, NP ribbons collapse spontaneously into helices
when released from the deposition substrate into a three dimensional environment
(i.e., water) with sufficiently strong interfacial interactions. The NP helices can be
stretched to > 20 times their original length to form straight ribbons and withstand
many cycles of compression and stretching.105,106 We noted that this assembly
behavior proved general, extending to a wide range of materials, including polymer-
and other NP-based ribbons (Figure 4.9d).
Figure 4.9: (a) UDT-QD ribbons released from Si substrate by dissolving PAA
sacrificial layer from the substrate edge (b) Fully free floating UDT-QD ribbons
withstanding severe bending (c) UDT-QD helices (d) UDT-Au NP helices. Photo:
J.T. Pham.
The ‘crosslinkability’ of UDT-QD allows for sequential deposition of another
QDs without dissolving the first set of QD ribbons. Multi-component QD grids
could be prepared from various color of UDT-QD to give nanostructures having
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combined optical properties of each QD (Figure 4.10a). The sub-µm ‘printing’
resolution afforded by UDT-QD proved useful to obtain grids having mesh spacing
size as small as 5 µm (Figure 4.10), one order of magnitude smaller than smallest
mesh spacing of grids prepared from PSAzSty-QD (∼30 µm)
Figure 4.10: Fluorescence micrographs of (a) 2 component, and (b, c) 1 component
QD grids (b, c) UDT-QD fabrics with 30 µm grid spacing exhibiting uniformity over
a macroscopic area. Images of UDT-QD grids having mesh spacing of (d) 20 µm,
(e) 10 µm, and (f) 5 µm. Photo: D.Y. Lee.
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4.4 Summary
Nanoparticles functionalized with photocrosslinkable ligands opens pathways for
producing mechanically robust nanostructures. Highly robust NP grids and ribbons,
having sub-micrometer width, nanoscale height and without structural defects
across macroscale area, were successfully prepared by flow coating
photocrosslinkable, small molecule and polymer based ligand functionalized NPs.
This ability to create structures having variable geometrical dimensions or material
compositions from various NP building blocks provides a method to control the
mechanical and functional properties of the NP-structures, such as the optical
properties of the QDs or conductive properties of metal NPs, while providing
mechanical robustness and different stiffness to the nanostructures. Such NP-based
structures, and the non-lithographic method used to produce them represent a new
concept for integrating nanoscale material properties into macroscale structures.
These new nanostructures are fundamentally interesting, as they provide tunable
multifunctionality and therefore, opening opportunities in optoelectronics,
reinforcement, and encapsulation/release strategies.
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CHAPTER 5
MOLDING FUNCTIONAL NANOPARTICLES INTO
PRECISE AND ROBUST NANOSTRUCTURES
5.1 Introduction
The emerging availability of techniques to fabricate uniform, uniquely shaped
micron- to submicron organic/inorganic structures has led to numerous
breakthroughs in the research and developments of multifunctional
materials.54,63,68,103 However the commonly employed top-down (lithographic) and
bottom-up (self-assembly) techniques54 to prepare such structures remain
problematic for functional nanoparticles (NPs) because of the incompatibility with
microfabrication processes (e.g., etching, annealing), the inefficient use of NPs (e.g.,
dip-coating, spincoating) and other issues such as scalability and structural control
of the self-assembled NP structures. Recent studies described guided self-assembly
techinques, which combine the high precision, reproducibility of the top-down
process and the self-ordering of NPs afforded by the bottom-up process to produce
NP patterns: lines, grids, rings and other well-ordered structures.27,57,67
Nevertheless, guided self-assembly techniques still inherit some of the disadvantages
of top-down or bottom-up processes, such as template fabrications (soft
lithography142), inefficient use of NPs (inkjet120), limited control of surface
dewetting (evaporative self-assembly49,99) and tedious multistep processes (surface
etching145). Therefore, the need of methods that allow the fabrication of
well-defined and precise structures outweighs the disadvantage of fabricating a
master template, as seen in the commercial success of top-down methods, and recent
implementation of soft lithography techniques in the roll-to-roll processes.32,113
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Inspired by the soft lithography-based, full-PFPE molding technique reported by
deSimone and coworkers,112,113 here we prepared NP wires, 2-component ‘diblock’
NP wires and Janus NP disks by molding organosoluble, photocrosslinkable NPs in
a perfluoropolyether polymer (PFPE)-coated PET substrate (PFPE@PET). PFPE
offers more advantages than poly(dimethyl siloxane) (PDMS), the commonly used
material for soft lithography, because PFPE is chemically inert, photocrosslinkable,
and has exceptionally low surface energy (∼12 mN/m).112,134 The PFPE@PET
templates were prepared by successive spincoatings (200 rpm, 1 min) of Norland
Optical Adhesive 73 (NOA73, as adhesive promoter), and PFPE-dimethacrylate
(containing 1 wt% hydroxycyclohexylphenyl ketone as photocrosslinker, see Chapter
8), on a 300 µm-thick, plasma treated PET substrate. The resulting substrate was
brought into contact with a fluorosilanized Si master mold (pattern area: 2 cm × 2
cm), inserted into a nanoimprinting machine and photocured (Nanonex
Nanoimprinter NX 2000. Process parameters: 50 psi, 365 nm, 20 min under N2).
The template was then peeled off the master Si mold and trimmed around its edges.
We used optical microscopy and high resolution SEM (HR-SEM, Magellan FX) to
examine the template pattern and later the molded NP structures (Chapter 8).
We employed a simple procedure to mold several types of functional NPs (Figure
5.1): a mini laboratory jack was placed inside a custom-made glass jig, and PDMS
rubber spacers (thickness: 4 mm) were placed on the top of the jack (spacer A) and
under the upper surface of the glass jig (spacer B, Figure 5.1). PFPE@PET template
(2.5 cm × 2.5 cm, pattern area: 2 cm × 2 cm) was placed face-up on spacer A,
concentrated NP solution ( 4 µL of 20 mg/mL (80 ng). ∼1.2 equiv. of the pattern
volume) was pipetted onto the mold, adn the mold was immediately covered with a
PET film (thickness: 200 µm). The jack was raised to press the covered template
against spacer B. After 10 min, the jack was lowered, the PET film was slid off the
template, and the NP-filled template was crosslinked inside an ultraviolet crosslinker
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box (CL-1000 UVP, 120 mJ cm−2, 302 nm) for 30 min at room temperature. This
procedure sufficiently generated well-defined structures, although the surface of NP-
filled mold can be contacted with a piece of Scotch tape to remove any artifacts
or excess NPs near the edge of the mold (Chapter 8). This molding process can
be repeated to make multicomponent structures by adjusting the amount of NPs.
The resulting NP structures were harvested from the mold by coating water-soluble
polymer solution (e.g., poly(acrylic acid), Dextran76), which upon drying can be
peeled off and dissolved to release the NP structures.
Figure 5.1: Schematic illustration of molding organosoluble nanoparticles using a
perfluoropolyether coated-PET mold (PFPE@PET).
5.2 Molding Au NPs and QDs
We began by examining the dewetting of organosoluble dodecanethiol covered
Au NPs (DDT-Au NP) into the PFPE mold. DDT-Au NPs were spincoated (20
mg/mL in toluene, 200 rpm) onto the template (2 cm × 2 cm pattern). After 5 min,
the NP-filled template was pressed onto a NOA81 coated PET film, photocured and
peeled to isolate the Au NP wires (Figure 5.2a). We obtained well-defined ‘Au NP
diffraction grating’ (top left inset of Figure 5.2a), and high resolution SEM showed
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that Au NPs fully dewet into the pattern of the PFPE mold (Figure 5.2b).
UV-sintering the Au NP wires yielded crosslinked Au NP wires which can be
transferred to poly(vinyl pyrrolidone) (PVP) coated PET film, followed by
dissolving the PVP layer (bottom left inset of Figure 5.2a). Similarly, free-floating
QD wires can be obtained by molding photocrosslinkable,
poly(styrene-co-azidomethylstyrene) covered CdSe@ZnS QDs (PSAzSty-QD).70
Figure 5.2c shows that QD wires harvested by a water-soluble polymer coated
substrate remained robust upon release, and withstood severe mechanical bending
during floating and water evaporation. Nevertheless, we show that PFPE molding
enables extremely efficient use of functional NPs than spincoating (2–3 order of
magnitudes less) to produce structures with similar or better uniformity (Figure
5.1). Figure 5.2d shows similar free-floating QD wires that were prepared by
molding (2 cm × 2 cm area, ∼40,000 wires) from as little as 100 nanograms of QDs.
QD wires prepared in Figure 5.2d were transferred to water-soluble Dextran film.
AFM image and cross-section analysis of the QD wires (as the granddaughter
pattern) showed the wire is sufficiently precise (480 nm wide, 400-490 nm high), and
resembles the Si master mold well (500 nm wide and 500 nm high) (Figure 5.2e-f).
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Figure 5.2: (a) SEM image of DDT-Au NP wires harvested by NOA81 coated
PET film. Inset top: Au NP-diffraction grating, showing the bulk color of Au NP
coating (dark purple), and the reflected red, yellow, green, cyan and blue color. Inset
bottom: partial removal of Au NP wires by adding a drop of water and wicking to
show the underlying PET substrate. (b) High resolution SEM image of (a), showing
the uniform formation of the Au NP wires. Scale bar: 1 µm. (c) PSAzSty-QD wires
floated in water, after dissolving the water-soluble harvesting poly(vinyl pyrrolidone)
film. Inset: Robust and flexible QD wires on PET substrate after water evaporated.
Scale bar: 50 µm. (d) PS-acetoxy-QD wires released in water after fully dissolving
the free-standing, Dextran harvesting film. (e,f) AFM image analysis of QD wires in
(d), showing the overall shape (e) and cross section analysis of the QD wire (f).
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5.3 Fabrication of Diblock NP wires
Continuous binary NP structures having precise geometry can be prepared
efficiently by PFPE@PET molding because the spatial precision of the resulting
structures is governed simply by the mold shape, and not by the dewetting behavior
of NPs. Controlling dewetting behavior of functional NPs has been a significant
technical challenge to obtain precise and well-defined NP structures from
self-assembly.99 Therefore assembling two types of NPs having opposing wettability
characteristics to obtain spatially continuous yet geometrically precise diblock NP
wires is a significant research challenge.133 We prepared 2-cm long ‘diblock’ NP
wires by filling the mold with PSAzSty-QDs and adding a layer of NOA81 layer to
cover a section of the mold. Next we photocrosslinked both materials, and peeled
the NOA81 layer carefully to remove a portion of the wires (30-40% of the wire
length). Backfilling the void space with methanolic solution of mercaptoundecanoic
acid covered Au NPs (MUA-Au NPs) followed by UV-sintering61 gives hydrophobic
QD-hydrophilic Au NP diblock wires (Figure 5.3a-c).
Although the nominal spatial resolution and accuracy of Energy Dispersive X-ray
Spectrometry (EDS) is somewhat limited to ∼500 nm (5 kV operating voltage) at its
optimum condition, and influenced by surface charging, SEM-EDS image mapping of
the diblock NP wires showed a clear contrast between the hydrophobic QD-rich area
and Au NP-rich area of the diblock NP wires (Figure 5.3d). SEM-EDS operating
in line scan mode on the junction of the diblock NP wire confirmed the gradual
composition change of the NP wire components and the spatial continuity of the
wires (Figure 5.3e). The diblock NP wires were also released from the mold in water
to examine their mechanical robustness. Small leakage of UV light allowed the QD
block to fluoresce under bright field imaging, allowing the composite picture of the
floating diblock NP wires to be constructed from separately taken bright field and
fluorescence images (Figure 5.3f and insets). We noted that the junction of the diblock
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NP wires was the weakest point, when these centimeter long diblock NP wires were
floated off substrate, the bending exerted by solvent evaporation caused most of
the wires to fracture at the area near the junction point. Nevertheless, to the best
of our knowledge, this is the first report of mesoscale, spatially continuous diblock
hydrophobic-hydrophilic NP wires (having centimeter-scale length, and submicron-
scale height and width).
Figure 5.3: (a) Schematic illustration of the fabrication of diblock NP
wires. (b) Optical and (c) fluorescence micrographs of QD-Au NP diblock wires
prepared from photocrosslinked PSAzSty-QDs (hydrophobic block)) and UV-sintered
mercaptoundecanoic acid covered Au NPs (hydrophilic block). Scale bar: 10 µm. (d)
SEM-EDS image mapping of diblock QD-Au NP wires showing the scanned area and
the detected signals (Au: pink, Zn: blue). Scale bar: 1 µm. (e) SEM-EDS operating
in line scan mode at the junction of diblock QD-Au NP wire, showing a nm-scale
transition in element composition from Au to Zn (CdSe@ZnS QD). (f) Composite
image constructed from separately taken fluorescence image (top inset) and optical
image (bottom inset) of diblock QD-Au NP wires after floated in water. Scale bar:
25 µm.
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5.4 Fabrication of Janus QD disks
Building on successful fabrication of binary NP structures through this simple
molding technique, we sought to prepare hydrophobic-hydrophilic Janus NP
structures that are robust and can be manipulated for further studies.
Hydrophobic-hydrophilic Janus QD disks were prepared using a hole
array-patterned PFPE mold (20 µm in diameter, 10 µm pitch). Successful
fabrication of such structures in uniform size can open many opportunities in
biomedical, sensing and other delivery applications.68 To prepare the Janus NP
disks, the mold was partially filled with poly(acetoxystyrene)-QD (green
fluorescence) and the QD layer was partially photocrosslinked (302 nm, 5 min) to
fabricate the first, bottom layer. After cleaning the upper surface of the mold using
a small piece of Scotch tape, the mold was filled with with the second compoment,
oleic acid QD (red fluorescence)/PEG-diacrylate (Sigma-Aldrich, M n:
3,000)/pentaerythritol tetrakis mercaptopropionate mixture (10/10/1 w/w). Next
the NP-filled mold was fully photocrosslinked (302 nm, 30 min), and the upper
surface of the mold was again cleaned with a piece of Scotch tape. (Figure
fig:MoldingJanusQDDisksa, see Chapter 8 for details). A solution of 20 wt%
Dextran was spread and dried on the mold to harvest the NP structures. The dried,
free-standing film containing QD disks can be peeled from the mold (Figure 5.4a
inset) and dissolved to obtain free-floating Janus hydrophobic-hydrophilic QD disks
(Figure 5.4b).
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Figure 5.4: Optical fluorescence images of: (a) Janus hydrophilic (red)-hydrophobic
(green) QD disks inside the mold. Inset: a small fragment of a dissolving Dextran
harvesting layer containing hundreds of Janus QD disks. (b) Two floating Janus QD
disks, top-facing (red) and bottom-facing (green). (c) Horizontal view of the Janus
QD disk. (d) Self-assembling QD disks in water. Inset: Janus QD disks paired in
water. (e) Self-aggregating Janus QD disks in water. (f) Self-assembling Janus QD
disks in water/trichlorobenzene (9/1, v/v) mixture. Optical (g) and fluorescence (h)
images of Janus QD disks assembled at the interface of TCB and water. For all
images, the QD disk radius: 10 µm.
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Fluorescence micrographs of the QD disks in the template showed the top view of
uniformly shaped disks (red colored, Figure 5.4a). Harvesting the disks using Dextran
film showed the bottom view of the disks (green colored). The hydrophobic (green)
and hydrophilic (red) QD layers can also be seen by fully dissolving the Dextran layers
(Figure 5.4b,c). We noted that the Janus QD disks self-assemble in water over time
(Figure 5.4d) and form paired disks, although some disks formed crumpled, sphere-
like aggregates with their hydrophilic layers facing out (Figure 5.4e). Such behavior
is expected because of the surface characteristics of Janus objects. Larger spherical
structures were observed when trichlorobenzene was added into the aqueous layer of
these QD disks (H2O:TB = 9:1) and the mixture was agitated by micropipetting to
produce oil-in-water droplets (Figure 5.4f-h). Although the geometry of the disks
presumably limited their rearrangement to form a stable and densely packed disks
on oil-in-water droplets, in agreement with many reports on self-assembled Janus
objects,16,68,147 the QD disks oriented their hydrophilic side towards water and their
hydrophobic side towards TCB droplets to decrease the interfacial tension between
water and TCB.
5.5 Summary
This chapter described the preparation and characterization of well-defined,
geometrically precise mesoscale NP-based structures using PFPE molding
technique. Despite requiring one-time fabrication of master template, PFPE@PET
molds are easily reproduced, reusable, scalable and importantly, chemically inert.
Therefore PFPE molding is an excellent platform for preparing geometrically precise
NP structures from many organosoluble NPs. In addition, robust and spatially
continuous NP wires, diblock hydrophobic-hydrophilic NP wires and Janus NP disks
were prepared using photocrosslinkable NPs, the composition of such NP structures
can be tailored by adjusting NP quantity and arranging the NP deposition
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sequence. Such versatile yet simple process to mold a wide variety of functional NPs
enables facile fabrication of NP structures that is suitable for continuous fabrication
process and benefit many research and technological developments of
multifunctional materials and NP composites.
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CHAPTER 6
HIGHLY BIOCOMPATIBLE AND NONFOULING
ZWITTERIONIC NANOMATERIALS
This chapter describes the preparation and characterization of nanoparticles (Au
NP, Au NR) functionalized with a hydrophilic, zwitterionic copolymers containing
pendent dithiol groups along a phosphorylcholine methacrylate backbone. The novel
copolymers were prepared by reversible addition-fragmentation chain transfer
(RAFT) copolymerization of methacryloyloxyethyl phosphorylcholine (MPC) and
the methacrylate of lipoic acid (LA), followed by the reduction of the disulfides to
give dihydrolipoic acid (DHLA) pendent groups.
The resulting copolymer, poly(MPC-co-DHLA), proved useful for surface
functionalization of metal and semiconducting nanoparticles. Such surface
functionalization allowed for quantitative replacement of native cationic surfactant
stabilizing layer present initially on the Au NRs. Au NRs coated with
poly(MPC-co-DHLA) (PMPC-Au NRs) are highly stable in challenging
conditions, and resisted cyanide ion digestion. PMPC-Au NRs also showed
nonfouling properties resulting from their zwitterionic surface coating, and the
noncytotoxicity of these structures was confirmed in the presence of live cells.
Furthermore, the high biocompatibility of PMPC-coated nanomaterials was
demonstrated in the in vivo studies of poly(MPC-co-DHLA)-coated Au NPs
(PMPC-Au NPs). PMPC-Au NPs were delivered to rats via pulmonary route,
and cell assay tests performed on the rat lung fluids after 24 h exposure to the NPs
showed negligible difference in immune system response between PMPC-Au NPs
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and saline samples, less inflammation than the standard, non-toxic citrate-coated
Au NPs.
6.1 PolyMPC-Au Nanorods: Non-fouling and Non-cytotoxic
Nanomaterials
6.1.1 Introduction
Surface functionalization of nanoparticles (NPs) through metal-ligand binding
interactions is an important aspect to many NP applications.2,28,73,139,151 Many
applications of NPs (e.g. optoelectronic devices, sensing and drug delivery) hinge on
reliable methods to replace NP native ligands with functional ligands that enhance
the processability, charge transport or biocompatibility of the surface modified
NPs.52,71,143 The so-called ligand exchange method is driven by mass equilibrium,
commonly performed by sonicating or stirring of NPs under excess amount of target
ligands.
Surface functionalized gold nanoparticles (Au NP) and nanorods (Au NR) are
attractive for their optical and electronic properties, including their surface plasmon
characteristics and inherent conductivity.28? For Au NRs, the near-infrared
absorption, because of the longitudinal surface plasmon resonance, leads to
numerous applications, including photosensitizers in photothermal therapy and
two-photon fluorescence imaging.95,137,138
Au NRs are generally prepared in solution using cetyltrimethylammonium
bromide (CTAB) as a micellar template,53,59 giving a CTAB surface coverage and
aqueous solubility. However CTAB-functionalized Au NRs (CTAB-Au NR) are
toxic to cells, and susceptible to batch-to-batch variation during their preparation,
and aggregation during purification or under pH/ ionic/ concentration change.111,132
The high cytotoxicity of CTAB-Au NRs is attributed to the strong interaction
between CTAB (with cell membranes. Moreover, in the absence of of a stable ligand
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coverage, the high surface area of NPs and NRs drives their aggregation of
nonspecific adsorption (fouling) on surface and biological molecules, which is
problematic for applications in any of a variety of devices and sensors.7
In order to use charged surfactant stabilized NPs like CTAB-Au NR for biology
applications, a number of alternative ligands are of interest to improve the
solubility, long-term colloidal stability across a wide pH range and in the presence of
contaminants.3,7,41,71,90,131 For in vivo applications, novel water solubilizing ligand
that allows quantitative replacement of CTAB and prevent or reduce undesired
interactions with native proteins is highly desirable. PEGylation of nanoparticles is
convenient because of the ready availability of functional PEG derivatives and the
inherent antifouling properties of PEG. PEG-SH coated Au NR showed prolonged
circulation time in vivo, but also high uptake into the spleen and liver (a
consequence of opsonization). The strategy chosen for anchoring PEG to the
NP/NR surface is important - while thiol terminated PEG is often used, the dithiol
derivative of lipoic acid (and other similar multidentate functional endgroup)
provides stronger binding and greater NP stability in extreme conditions of salt and
pH. However such multidentate ligand PEG-NP/NRs remain unsatisfactory because
of the persistent presence of CTAB on Au NR surface (ca. 11% residual CTAB)
despite several washing steps employed during purifications.
Complete removal of CTAB from Au NR surface would require hydrophilic
ligands having exceptional binding affinity to NR surface. As such, polymer ligands
containing multiple DHLA pendent groups would prove useful for CTAB-Au NR
functionalization. Though chain-transfer mechanisms are problematic in
conventional free radical polymerization for preparing polymers having numerous
thiols, controlled free radical polymerization (CRP) mechanisms open new
opportunities. Disulfide-containing polymers have been prepared by atom transfer
radical polymerization (ATRP) and reversible addition-fragmentation chain transfer
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(RAFT) polymerization, and disulfide-containing monomers were used as
cross-linkers for preparing degradable polymer gels by ATRP. Pyridyl disulfide ethyl
methacrylate, a pyridine-2-thione protected 2-mercaptoethyl methacrylate, has been
homopolymerized by ATRP and RAFT. However, despite the extensive use of LA
and DHLA in NP functionalization, the polymerization of lipoic acid methacrylate,
has not been reported and utilized as such.
The synthesis of phosphorylcholine (PC) polymers with DHLA-containing
comonomers and the use of these copolymers for NR functionalization. This was
done by CRP techniques, and the polymer products used in ligand exchange with
Au NRs. Poly(2-methacryloyloxy) ethyl phosphorylcholine) (polyMPC) was chosen
as the backbone structure for its exceptionally high water solubility and
biocompatibility, due to the extensive water structure associated with the PC
groups. Prior studies on PC-functionalized NPs include a small molecule
PC-containing thiol for Au NP coating.128 The copolymer described here combines
the high binding affinity of DHLA for Au surface with the multivalency of
functional polymers to impart both water solubility and antifouling properties to
the functionalized Au NRs.
6.1.2 Synthesis and characterization of DHLA containing copolymers
Figure 6.1 shows the synthesis of HEMA-LA 1, a novel methacrylate monomer
prepared in high yield by the carbodiimide coupling of hydroxyethyl methacrylate
(HEMA) and lipoic acid (LA). Monomer 1 proved unstable at room temperature
when isolated as pure compound, forming a yellow gel over the course of weeks.
However, low temperature storage (-80 ◦C) or storing the monomer as DCM solution
at 4 ◦C maintained the monomer in pure form for several months. The disulfide group
of LA was found to participate in metal chelation, to the detriment of ATRP (see
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Chapter 8), resulting in sharp increase of PDI and the appearance of a high molecular
weight shoulder in the GPC trace as the monomer conversion increases.
RAFT polymerization operates in the absence of metal, and has been utilized
effectively for disulfide-containing monomers. The homopolymerization of
HEMA-LA by RAFT was attempted in N,N -dimethylacetamide (DMAc), using
cyanopentanoic acid dithiobenzoate (CTP) as chain transfer agent and
4,4’-azobis(4-cyanovaleric acid) (ACVA) as initiator, as shown in Figure 6.1. The
polymerization was monitored by NMR spectroscopy and GPC, and monomer
conversion and polymer molecular weights are presented in Chapter 8. Typically, an
inhibition period (∼30 min) was followed by monomer conversion to 65% and
higher. The molecular weight values estimated by GPC were in reasonable
agreement with those expected from the monomer-to-chain transfer agent ratios
employed. PDI values of <1.4 were maintained upon monomer conversion to 65%
and beyond, and we attribute the slight increase in PDI to disulfide metathesis
between polymer chains. The plot of ln([M0]/[Mn]) vs time (Chapter 8) and M n vs
monomer conversion were nearly linear for the RAFT reactions; thus RAFT was
chosen for all the copolymerization chemistry described below.
Poly(HEMA-LA) was isolated by precipitation, first into ether, then methanol, to
give a pink solid. Stirring poly(HEMA-LA) in a 5:2 CH2Cl2: MeOH solution of NaBH4
at 0 ◦C for 3 h converted the disulfides to dithiols, and cleaved the aromatic chain-end.
Polymer purification by dialysis using deoxygenated water, followed by lyophilization,
gave poly(HEMA-DHLA) as a white solid. GPC analysis showed essentially no change
in the polymer molecular weight of PDI after reduction, and 1H NMR spectroscopy
(Figure 6.1) confirmed successful disulfide-to-dithiol conversion, as the methylene and
methyne protons (i and l) near both sulfur atoms shifted to higher field in the reduced
(ring-opened) form (2.95 and 2.75 ppm respectively). In some cases, a small peak at
3.8–3.9 ppm was observed, attributed to CH2OH groups formed from a minor amount
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of cleavage of the LA (or DHLA) ester bond. Maintaining a reaction temperature of
0 ◦C kept this side reaction to a minimum.
Figure 6.1: (a) Synthesis of monomer 1 (HEMA-LA), homopolymerization of
HEMA-LA by RAFT, and disulfide reaction; (b) 1H NMR spectrum of poly(HEMA-
LA); (c) 1H NMR spectrum of poly(HEMA-DHLA).
Next the copolymerization of HEMA-LA and MPC by RAFT was examined,
using similar conditions as for the homopolymerization, while decreasing the chain
transfer agent (CTA)-to-initiator ratio to 3:1. Copolymers of this type would allow
integration of the DHLA moieties into a water-soluble, biocompatible polymer
platform. Table 1 gives copolymerization results at a variety of CTA-to-monomer
ratios, denoting the products as copolymers (CP) and reduced copolymers (CP-R).
Methanol generally provided an excellent medium for these polymerizations, except
at higher HEMA-LA (CP4) content that benefited from N,N’ -dimethylacetamide
(DMAc) cosolvent. Monomer conversions of ∼90% were reached in <24 h, giving
copolymers with PDI <1.4. CP1 best illustrates the straightforward integration of
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HEMA-LA into polyMPC, giving polymers in the range of 14–21 kDa, and PDI
1.3–1.4, at very close to the intended 25 mol % HEMA-LA. Similar conditions for
MPC homopolymerization gave polyMPC with a PDI of 1.26, showing that
HEMA-LA did little to disrupt the RAFT mechanism up to CP4 with a 1:1
comonomer feed ratio.
PolyMPC-LA copolymers were purified by dialysis, and 1H NMR spectroscopy
(Figure 6.2) verified the presence of the HEMA-LA units. GPC in water, as shown
in Figure 6.2d, gave a Gaussian-like molecular weight distribution, unlike the ATRP
case in which the GPC trace was broad and contained a shoulder in the high
molecular weight portion of the curve (Chapter 8). These RAFT copolymerizations
were performed successfully on a relatively large scale, such that up to 7 g batches
were prepared easily, giving molecular weight and PDI values identical to the 1 g
scale reactions. GPC analysis of the polymers after reduction revealed slightly
higher number average molecular weights (M n), and slightly lower PDI values,
relative to the disulfide-containing polymer precursor. Thus, it appears that the
reduced polymers can be isolated without substantial interference from
intermolecular coupling or gelation, and the CP-R polymers were stored stably
under a nitrogen atmosphere at 4 ◦C with no measurable change for months.
Poly(MPC-co-DHLA easily forms homogeneous solutions in water and methanol (at
several hundred mg/mL); this water solubility, combined with the thiol
functionality, led us to consider Au NR functionalization experiments, as described
below.
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Figure 6.2: (a) Copolymerization of MPC and HEMA-LA, and reduction to the
corresponding DHLA-containing copolymer; (b) 1H NMR spectrum of poly(MPC-co-
HEMA-LA) in MeOD and (c) 1H NMR spectrum of poly(MPC-co-DHLA) in MeOD;
(d) aqueous GPC trace of poly(MPC-co-HEMA-LA) (red line) CP1, and poly(MPC-
co-HEMA-DHLA) (blue line) CP1-R
6.1.3 Functionalization of Gold Nanorods with Poly(MPC-co-DHLA)
Copolymers
Having established the preparation of poly(MPC-co-DHLA), these novel
thiol-rich hydrophilic polymers were investigated in ligand exchange with gold
nanorods (Au NRs). Au NRs (17.8 ± 1.8 nm by 53.1 ± 3.5 nm), stabilized with
their native cetyltrimethylammonium bromide (CTAB) ligands, were prepared by
the photochemical method reported by Niidome et al. The purple Au NR solutions
were filtered to remove residual CTAB, purified by centrifugation-redispersion cycles
(10 krpm, 30 min), and concentrated to 0.5 mL solution. The concentrated Au NR
solution was added to 10 mL of a 0.3 wt% aqueous solution of poly(MPC-co-DHLA)
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(CP-R1, 24 mol% DHLA, M n: 17 k, PDI: 1.3), and this mixture was sonicated for
30 min at room temperature, and left standing overnight. This PMPC-Au NR
solution was further purified by three ultrafiltration (MWCO 100 kDa) cycles.
UV/vis absorbance (Figure 6.3a) of the PMPC-Au NRs showed no sign of
aggregation (or end-to-end coupling) from their surface plasmon resonance (SPR)
peaks at 520 and 710 nm (i.e., the absence of redshifting that would indicate
aggregation). The GPC analysis of Figure 6.3b, eluting with 0.1 M NaNO3(aq),
confirmed the stability of the Au NRs following surface coverage with
poly(MPC-co-DHLA), and the absence of any unbound polymer in the purified
PMPC-Au NR solution. The copolymer eluted at 24.5 min, and the functionalized
Au NRs at 20 min. The inset of Figure 6.3b shows a transmission electron
microscopy (TEM) image of a PMPC-Au NR, with an apparent surface coverage
thickness of ∼5 nm, consistent with that expected for the surface bound
poly(MPC-co-DHLA). Poly(MPC-co-DHLA) can also be used to functionalize
semiconducting quantum dots (Figure 6.4).
Figure 6.3: (a) UV/vis spectra of Au NRs before (blue dashed line) and after (red
solid line) ligand exchange with poly(MPC-co-DHLA) (b) GPC trace of PMPC-Au
NR (purple solid line) and poly(MPC-co-DHLA) (solid blue line), and TEM image
of PMPC-Au NR (inset).
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Figure 6.4: Poly(MPC-co-DHLA) functionalized CdSe@ZnS gradient quantum dots
(QDs) under ambient light and UV illumination, dissolved in (a) MeOH and (b) water.
6.1.4 Cyanide Digestion of Au NRs
CTAB-covered Au NRs (CTAB-Au NR) are known to degrade completely
within several minutes of exposure to 12 mM sodium cyanide solution; this
degradation process is slowed when Au NRs are coated with polymer ligands. The
longitudinal surface plasmon resonance of CTAB-Au NRs (indicated by the
absorbance at 710 nm) disappeared first, suggesting that digestion begins with
cyanide ion attack at the Au NR tips (having lower CTAB density due to curvature
effects). We tested PEG-DHLA (PEG-Au NR) and PMPC-Au NR, and found
both to largely resist cyanide digestion over 24 h (Figure 6.5). Absorbance peaks at
520 and 710 nm for both Au NR samples decreased at similar rates, suggesting that
the functionalized Au NRs are sufficiently protected by the polymer coating. The
PMPC-Au NRs showed a slightly better resistance to cyanide digestion than
PEG-Au NRs, possibly due to the multidentate binding capacity of the
poly(MPC-co-DHLA) structure. While mass spectroscopic (MS) analysis (fast atom
bombardment) of a digested solution of CTAB-Au NRs showed a signal for CTAB
(284.4 g/mol, M-Br), similar analysis of a digested solution of PMPC-Au NRs
showed no such signal, indicating efficient replacement of CTAB by the polymer
ligand. This is distinct from literature reports where removal of CTAB is incomplete
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following ligand exchange. The multiple dithiol pendent groups along the polymer
backbone of poly(MPC-co-DHLA) drive the displacement of CTAB, and provide Au
NRs with a stable coating that disperses the NRs in water at ≥ 3 mg/mL.
Figure 6.5: Optical absorbance change over time of (a) CTAB-Au NR and (b)
PMPC-Au NR after exposure to 12 mM NaCN solution.
6.1.5 Surface Fouling of Au NRs
Extended storage of aqueous solutions of PEG-DHLA Au NRs revealed their
tendency to adsorb onto the container surface. Storing and aqueous solution of
PEG-Au NRs for one month in a glass vial resulted in a permanent darkening of the
glass surface that was not removable by washing with water, methanol or CH2Cl2.
In contrast, glass vials (or PMMA cuvettes) containing an aqueous solutions of
PMPC-Au NRs showed no discoloration, even after 2 months storage. Absorbance
spectra (Figure 6.6) show an example of the adsorbed PEG-Au NRs on the glass
vial and PMMA cuvette surface. As UV/vis spectra of adsorbed PEG-Au NRs did
not show a substantial shift in the surface plasmon resonance, this fouling is not
triggered by NR aggregation. These results indicate that Au NRs functionalized
with poly(MPC-co-DHLA) inherit the pronounced antifouling characteristics of this
polyzwitterion, stemming from the strongly hydrated characteristics of the polymer.
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Figure 6.6: (a) Photographs of glass vials after exposure to Au NR solutions. Vial
1: water (control). Vial 2: exposed to PMPC-Au NR solution for 60 days, washed
with water for three times, refilled with water. Vial 3: exposed to PEG-Au NR
solution for 30 days, washed with water for three times, and refilled with water (b)
PMMA cuvettes exposed to (1) PMPC-Au NR solution and (2) PEG-Au NR
solution for four days, then washed three times with water. UV/vis spectra of the
clean cuvette 1 (red solid line) and cuvette following PEG-Au NR adsorption 2 (blue
dashed line). Reprinted with permission from ACS.
Scanning electron microscopy (SEM) was used to examine the differences in surface
adsorption between PEG- and PMPC-Au NRs on the following: (1) a Si substrate
having a native oxide layer; (2) a PMMA-coated Si substrate; (3) a polystyrene- (PS-)
coated Si substrate. These substrates were immersed into different Au NR solutions
for long time-periods (∼4 days), then washed thoroughly with water and allowed to
dry in air. High resolution SEM images of the substrates, following exposure to the
NR solutions, are shown in Figure 6.7; distinct differences were seen between the
PEG and PMPC coverage (note that the Au NRs appear brighter when in direct
contact with the Si substrate due to secondary electron emission). For PMMA and
PS-coated substrates, the polymer layer is darker than the Si-substrate. On all the
substrates, a significant surface adsorption of PEG-Au NRs was seen (Figure 6.7a–c),
though this was more difficult to image on the PMMA-coated substrate due to the
beam sensitivity of PMMA. ALmost all of the adsorbed PEG-Au NRs were found
as individual nanorods, suggesting that the surface adsorption was not triggered by
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Au NR aggregation. In contrast, exceedingly little adsorption of PMPC-Au NRs
was seen by SEM on any of the tested substrates (Figure 6.7d–f); Figure 6.7d shows
one area of the substrate where a few adsorbed Au NRs were found. Consistent
with our qualitative observation in vials, we found no indication of surface fouling
by PMPC-Au NRs on PMMA-coated and PS-coated substrates (Figure 6.7e,f). In
Figure 6.7e and 6.7f, the absence of PMPC-Au NRs on these substrates suggests that
NR adsorption is hindered by the strongly hydrated zwitterionic polymer coverage,
and a strong antifouling effect of PMPC, consistent with the success of this polymer
in medical applications that hinge on its nonfouling characteristics.
Figure 6.7: (a–c) High resolution SEM images of Si, PMMA-coated Si, and PS-
coated Si substrates after immersion into PEG-Au NR solutions, followed by rinsing
and drying. (d–f) HR SEM images of Si, PMMA-coated and PS-coated substrate after
immersion into PMPC-Au NR solutions, followed by rinsing and drying. Scale bars
are 500 nm. Reprinted with permission from ACS.
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6.1.6 Cytotoxicity of Au NRs in Cell Culture
Au NRs with nonimmunogenic, stealth-like character and antifouling properties
are needed for in vivo therapeutic and diagnostic applications. Encouraged by the
results from surface fouling tests, we analyzed nonspecific protein adsorption of
PMPC-Au NRs and PEG-Au NRs using nondenaturing (native) agarose gel
electrophoresis, a technique commonly used to analyze noncovalent biomolecule
(e.g., protein–protein) interactions. Equal weight-to-volume concentrations (0.43
µg/µL) of PMPC-Au NRs and PEG-Au NRs were incubated with bovine serum
albumin (BSA) (0.43 µg/µL) for 24 h at 37 ◦C. The gels were stained with Bio-Safe
Coomasie dye (BioRad) to detect BSA (Figure 6.8, blue bands). The CTAB-Au
NRs (lane 3) showed significant protein fouling, as judged by the band shift of BSA,
as well as BSA staining in the sample well when compared to the control BSA
sample in lane 1. The polymer coated Au NRs showed little protein fouling, seen by
the absence of protein staining (blue color) in the nanoparticle bands (black bands
in lanes 4–5 for PMPC-Au NR and 6–7 for PEG-Au NRs, respectively), and the
absence of any band shift of BSA protein compared of the control sample (BSA
protein only, lane 1). Thus, by this measure, both the PEGylated and PMPC-Au
NRs strongly resists protein adsorption. We quantified the migrated protein band
density using ImageJ software (Figure 6.8). The extent of protein fouling for
CTAB-Au NR and PEG-Au NR were 85.2% and 7.0%; while that for PMPC-Au
NR was negligible.
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Figure 6.8: Gel electrophoresis image of protein-fouling assay. Lane 1: Control,
BSA (0.43 µg/µL). Lane 2: CTAB-Au NR only. Lane 3: CTAB-Au NR incubated
with BSA. Lane 4: PEG-Au NR only. Lane 5: PEG-Au NR incubated with BSA.
Lane 6: PMPC-Au NR only. Lane 7: PMPC-Au NR incubated with BSA. Red boxes
indicate Au NR position in Lanes 2–7. Black box indicate BSA bands. Yellow box
indicates BSA band shift for CTAB-Au NR incubated samples. Au NR and BSA
were mixed in equal volumes at 0.43 µg/µL. Reprinted with permission from ACS.
Poly(MPC-co-DHLA)-coated Au NRs were also evaluated for their cytotoxicity
in the presence of live cells. Human ovarian cancer (SKOV3) cells and mouse
fibroblast (NIH 3T3) cells were incubated with equivalent concentrations of
CTAB-Au NR (control), PMPC-Au NR and PEG-Au NR for 48 h, followed by cell
viability measurements using Promega’s CellTiter-Glo luminescent cell viability
reagent and analysis using a luminescence plate reader. For SKOV3 cells, dose
response curves showed evident cytotoxicity of CTAB-Au NRs at a concentration of
0.47 µg/mL (LC50 1.10 ± 0.01 µg/mL), whereas poly(MPC-co-DHLA) and
PEG-DHLA coated Au NRs were nontoxic to SKOV3 cells over the entire evaluated
concentration range (Figure 6.9a). For NIH 3T3 cells, the PEG-Au NRs were
tolerated by the cells to a much higher level than CTAB-coated Au NRs, with LC50
= 0.20 ± 0.03 µg/mL for CTAB-Au NR and LC50 = 13.80 ± 0.02 µg/mL for
PEG-Au NRs. The PMPC-Au NRs were nontoxic to NIH3T3 cells over the entire
evaluated concentration range, up to the maximum dose tested of 19 µg/mL (Figure
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6.9b). That the NIH 3T3 fibroblast cells are less robust to the polymer
functionalized NR samples than the SKOV3 cancer cells reflects a cell line
variability inherent to cancer cells vs normal cells, and a very high tolerance of both
cell lines for the polyMPC-coated NRs.
Figure 6.9: Cytotoxicity (a, b) and the median lethal concentration LC50 (c) of
PMPC-Au NR, PEG-Au NR, and CTAB-Au NR in the presence of (a) human ovarian
(SKOV3) adenocarcinoma cells and (b) mouse fibroblast (NIH 3T3) cells. Error bars
represent ± standard deviation, NL: not lethal.
6.2 PolyMPC-Au NPs: Biocompatibility Studies
6.2.1 Introduction
The unique properties of NPs (thermal, light absorption, fluorescence, magnetic)
make engineered nanoparticles widely and considerably used in biomedical
applications (e.g., sensing, contrast enhancer). NPs rendered non-cytotoxic and
water-soluble can still trigger significant immunological response, and experimental
data has suggested that the distribution of NPs depends on their size and
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stability.19,21 Therefore in vivo evaluation of NPs is necessary to determine their
stability, blood compatibility, transport and systemic distribution post exposure.
NPs from natural or synthetic source can enter the human body via many routes:
inhalation (pulmonary), ingestion (GI tract), dermal contact and injection. Several
studies have reported the potential adverse effects of NP exposure on the lung,
including oxidative stress, inflammation and fibrosis.31,84,150
The pulmonary route is highly promising for drug delivery, and several studies
have examined the use of gold nanoparticles (Au NP) as a carrier.117 However the
interaction between Au NP and pulmonary surfactant protein can agglomerate Au
NP, which may influence the clearance and translocation of Au NP in vivo.117 While
there have been many studies of polymeric nanoparticles for pulmonary drug
delivery, there are no studies on the performance and suitability of polyMPC-coated
nanomaterials for pulmonary delivery. Respiratory toxicity of PMPC-NPs was
investigated by examining the immune response towards PMPC-coated
nanomaterials delivered into rat lungs. We chose spherical Au NPs having diameter
∼40 nm as the inorganic core because they have been preferred (i.e., size dispersity,
less risk of surfactant contamination) and widely used in various in vivo
experiments.
6.2.2 Synthesis of PMPC-Au NP
Citrate stabilized Au NP (citrate-Au NP, diameter: ∼40 nm) was prepared
according to Frens method.37 To minimize lung injection volume, citrate-Au NPs
(∼10 mg) were concentrated by ultracentrifugation (one cycle, Amicon, MWCO:
100 k). PolyMPC-coated Au NP (PMPC-Au NP) was prepared by dropwise
addition of concentrated citrate-Au NP (∼10 mg) to an aqueous solution of
PMPC-co-DHLA (50 mg in 5 mL deoxygenated DI water). The mixture was
sonicated for 20 min and left overnight. Excess polymer were removed by 2 cycles of
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ultracentrifugation, and one cycle of high speed centrifugation using regular
centrifuge tube (10,000 rpm, 30 min). The precipitate was dissolved in minimum
amount of deoxygenated water, and the concentrated solution of PMPC-Au NP
was freeze-dried to give dark purple solid. The solid sample could be easily dissolved
in water, PBS solution, including PBS concentrate (10×), indicating the high
stability of the PMPC-Au NP. UV/vis spectra of the redissolved PMPC-Au
NP showed identical SPR peak of redissolved PMPC-Au NP and the citrate-Au
NP, with slight broadening presumably because of the shape deformation during
sonication or the presence of interconnected Au NPs.
PMPC-Au NPs were evaluated for their cytotoxicity in the presence of live cells.
Human ovarian cancer (SKOV3) cells and non-cancerous mouse fibroblast (NIH 3T3)
cells were incubated with equivalent concentrations of PMPC-Au NP and citrate-
Au NP (control) for 72 h, followed by cell viability measurements using Promega’s
CellTiter-Glo luminescent cell viability reagent and analysis using a luminescence
plate reader. PMPC-Au NPs and citrate-Au NPs were nontoxic to NIH 3T3
and SKOV3 cells over the entire evaluated concentration range, up to the maximum
dose tested of 20 µg Au NP/mL (Figure 6.11), suggesting a very high tolerance of
both cancer and normal cell lines towards PMPC-Au NP and citrate-Au NP
samples.
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Figure 6.10: (a) Left to right: PMPC-Au NP solution after purification, freeze-dried
PMPC-Au NP, freeze-dried PMPC-Au NP redissolved in water, and a dilute solution
of freeze-dried PMPC-Au NP (c). UV/vis of PMPC-Au NPs and citrate-Au NPs
(before functionalization). Inset shows the PBS solution of PMPC-Au NP prepared
by dissolving PMPC-Au NP with PBS-10x concentrate.
Figure 6.11: Cytotoxicity of PMPC-Au NP in the presence of (a) mouse fibroblast
(NIH 3T3) cells and (b) human ovarian (SKOV3) adenocarcinoma cells. Error bars
represent ± standard deviation
Next the compatibility of Au NP samples with red blood cells (RBC) was
evaluated using hemolysis in vitro assays. Human RBCs were incubated with
varying concentrations of PMPC-Au NP and citrate-Au NP, using PBS as
negative control, distilled water and Triton X-100 as positive controls. Less than 1%
hemolysis was observed for PMPC-Au NP and citrate-Au NP samples, similar
to the PBS incubated control samples ((Figure 6.12). In the absence of hemolytic
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activity, we next examined for any alterations in RBC morphology or size
distribution (i.e., aggregation) following exposure to Au NPs. Optical microscopy
data of experimental and control samples showed no evidence of RBC aggregation
or alterations in morphology (Figure 6.12a).
Figure 6.12: (a) Optical micrographs of human red blood cells in the presence of
PBS, PMPC-Au NP and citrate-Au NP at 50 µg/mL. (b) Hemolysis percentage of
PMPC-Au NP and Citrate-Au NP at two different doses, PBS, Triton X-100 and
distilled water (D/W).
6.2.3 Animal Studies
Experimental protocols for this study included pharyngeal aspiration exposure of
laboratory rats (Charles River-Dawley rats, total 12 animals) to 1 mg equivalent
Au/kg body wt of PMPC-Au NP (5 rats) and citrate-Au NP (5 rats), while the
corresponding control rat (one for each sample) were administered sterile saline. Au
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concentration for each sample was confirmed and estimated from their UV/vis
spectra. PMPC-Au NP instillation was performed as described in chapter 8. Mice
were sacrificed 24 h following NP exposure and bronchoalveolar lavage (BAL) was
performed using cold, Ca2+ and Mg2+-free PBS to collect BAL fluid (Figure 6.13).
Inflammatory response cells (macrophages, polymorphonuclear neutrophils (PMN)
and lymphocytes) were pelleted from BAL fluid by centrifugation, washed,
resuspended in culture medium and counted. Inflammation was evaluated by total
cell counts, cell differentials, and accumulation of cytokines in the BAL fluid (Figure
6.14).
Figure 6.13: (a) Animals used in the study. (b) Anesthetized animal before particle
instillation. (c) NP instillation to animal lungs. (d) Animal sacrificed after 24 h
exposure to PMPC-Au NPs. (e) Bronchoalveolar lavage (BAL) fluid extraction. (f)
BAL cells collected after centrifugation showing the red colored (non-aggregating)
PMPC-Au NPs.
All animals survived after 24 h, and they did not exhibit pain or distress signs.
After their BAL fluids were collected, a dilute cell suspension was cytocentrifuged, the
cytospin was stained and differential cell counting was performed. The supernatant
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from the first two washes was clarified via centrifugation (15,000 × g at 4 ◦C for
30 min), and used for standard spectrophotometric assays for lactate dehydrogenase
(LDH), myeloperoxidase (MPO) and albumin.
PMPC-Au NP did not initiate any immune responses as seen from the absence
of any statistically significant difference between immune cell counts. In contrast,
citrate-Au NP exposure caused an increase in macrophage and PMN cell numbers,
an indication of immunogenic response (Figure 6.14). For total inflammatory response
cell counts, p-test suggested little-to-no difference between the control and PMPC-
NP exposure across cell types, while statistical difference for total macrophages and
total PMN cells, suggesting inflammatory response, was observed between samples
collected from control and citrate-Au NP-exposed animals. The statistical difference
between evaluated samples for total lymphocytes was not significant (p>0.05).
We noted that during cell pelletization, the PMPC-Au NPs in the BAL fluids
(after 24 h) were red and water-soluble (Figure 6.13f), indicating little-to-no NP
aggregation, while cell pellets collected from citrate-Au NP exposed animals were
black or gray, suggesting irreversible citrate-Au NP aggregation in the lung. The
total macrophages counted for both samples were comparable to other tests using
ceria nanoparticles, that was found not to cause lung injury,84), suggesting the low
toxicity of both Au NP samples.
Standard spectrophotometric assays for lactate dehydrogenase, myeloperoxidase,
albumin and total hemoglobin analysis showed negligible difference between control
sample and PMPC-NP samples, while statistical difference was observed between
control sample and citrate-Au NP samples (Figure 6.15). Lactate dehydrogenase
assay response for citrate-Au NP was not available because citrate interferes with
LDH assay. These preliminary experiments suggested that despite high material
loading (∼60 mg/kg bw, PMPC+Au), pulmonary exposures to PMPC-Au NPs
produced no significant adverse effects.
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Figure 6.14: Cellular parameters of bronchoalveolar lavage (BAL) fluid of 6-wk-old
rats. Total cell count of macrophages (left), neutrophils (middle) and lymphocytes
(right) of BAL fluid collected after exposure to saline (black), PMPC-Au NP (red),
and citrate Au NP (green). Data are presented as means ± SD calculated for 106 cells.
After fixation and staining, 200–300 cells were counted using a hemocytometer to
determine the percentage population of macrophages, neutrophils and lymphocytes.
∗P ≤ 0.05 after pairwise comparison.
Figure 6.15: Biochemical parameters of bronchoalveolar lavage (BAL) fluid of 6-wk-
old rats. Cell assays on BAL fluid collected after exposure to control (black), PMPC-
Au NP (red) and citrate-Au NP (green). From left to right: lactate dehydrogenase
(LDH), myeloperoxidase (MPO), albumin and total hemoglobin. BAL fluid was
cleared by centrifugation at 15,000 g for 30 min, and supernatant was used for
determining enzyme activities and other markers except hemoglobin, which was
measured in cell pellets. Standard photometric assays were used for biochemical
assays. LDH assay data for citrate-Au NP is not available because citrate is known
to interfere with the assay. Data are presented as means ± SD. ∗P ≤ 0.05 after
pairwise comparison.
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6.3 Summary
In summary, the controlled radical polymerization of novel zwitterionic
phosphorylcholine polymers containing DHLA units in the backbone was described.
The polymers were prepared with good control over comonomer ratios, and are rich
in pendent thiol groups that are useful for coordination to metal and semiconductor
surfaces. Poly(MPC-co-DHLA) proved effective for functionalization of Au NRs, by
replacement of the CTAB surface coverage inherent to the Au NR synthesis. The
resulting polyMPC coated Au NRs are water-soluble and stable upon storage, with
pronounced chemical resistance, noncytotoxicity, and antifouling properties. The
novel polymers and methodology described in this study open new avenues for
functionalization of metallic and semiconductor nanostructures with potential
suitability for both nanomaterials and biological applications.
The in vivo toxicity studies of polyMPC functionalized nanomaterials was
carried out by exposing PMPC-Au NP sample to laboratory rat lungs via
pharyngeal aspiration for 24 h. Despite the high amount of nanomaterial
administered (1 mg Au / kg body wt), there was no immunological response
observed in comparison to saline, as if polyMPC coated nanomaterials were
‘transparent’ to immune cells. Future work may include the pharmacokinetic studies
of PMPC-coated nanomaterials to understand their distribution in body organs
after delivery.
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CHAPTER 7
SUMMARY AND FUTURE OUTLOOK
This thesis focuses on the synthetic strategies and evaluations of functional
nanoparticle (NP) building blocks to make inter-NP couplings, robust functional
structures (ribbons, grids, helices, disks), and as biocompatible constructs. Key to
the successful preparation of nanostructures from these NP building blocks are the
chemical composition of their surface ligands.
The versatility of NPs having amine-reactive periphery (PFP-NP) will prove useful
for altering the surface, chemical and mechanical properties of NP assemblies (as
‘NP-ligands’), as well as improving tagging, sensing, and efficacy of conjugating NP
to biomaterials. As crosslinked QD grids recently proved useful to study membrane
deformation,64 PFP-NP can be embedded in NP assemblies as ‘selective anchors’
(‘NP adhesives’) to deliver NP structures or to simply enhance adhesion between NP
structures and the target substrate.
Simple and scalable methods to prepare well-defined and geometrically precise
nanostructures from a wide variety of functional NPs can immediately benefit
device-based (e.g., transparent conductive layer, optical polarizer) and biology
applications (e.g., encapsulation and delivery). More importantly, flexible
nanostructures (ribbons and grids) having tunable elasticity and surface properties
can be interesting for soft material and nanocomposite developments. Embedding
degradable functional groups in the chemical structure of the surface ligand, or
interconnecting NPs in the NP assembly using self-immolative crosslinkers,4 for
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example, may produce novel nanostructures capable to instantaneously degrade and
release its constituent functional NP building blocks (see Appendix)
PolyMPC-coated nanomaterials are promising biocompatible nanomaterials. As
such, incorporating phosphorylcholine groups in the chemical structure of surface
ligands can impart high biocompatibility and non-fouling properties to assembled
nanostructures. Such zwitterionic ligand functionalized nanoparticle building blocks
can also be highly useful for coating and theranostic applications. Further studies can
focus on the distribution of these nanomaterials after delivery (pharmacokinetics).
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CHAPTER 8
EXPERIMENTAL PROCEDURES AND SUPPORTING
INFORMATION
8.1 Materials
All other chemicals were purchased from commercial sources and used as
received unless otherwise noted. Styrenic monomers were passed through an
alumina plug to remove inhibitor before use. 2-Methacryloyloxyethyl phosphoryl
choline was purchased from Aldrich and washed with anhydrous ether before use.
Dichloromethane, toluene and triethylamine were distilled over CaH2,
tetrahydrofuran was dried over sodium/benzophenone ketyl.
8.2 Instrumentation
NMR spectra were recorded on Bruker DPX300 spectrometer, and high-resolution
mass spectral (HRMS) data were obtained on a JEOL JMS700 MStation. Molecular
weight and PDI values of chloroform/THF/DMF soluble polymers were estimated
by gel permeation chromatography (GPC) in chloroform/THF/DMF mobile phase
calibrated with polystyrene standards, operating at 1.0 mL/min with an Agilent
1200 refractive index detector, and three Waters Styragel HR6 columns (7.8 × 300
mm) at 35 ◦C. Molecular weight and PDI values of aqueous soluble polymers were
estimated by GPC in aqueous sodium nitrate (0.1 M with 0.02 wt% of NaN3) solution
calibrated with poly(ethylene oxide) standards, operating at 1.0 mL/min with an HP
1047A refractive index detector, and three Waters Ultrahydrogel Linear columns (7.8
× 300 mm) at room temperature. The organic content (weight percent organic)
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of NPs was determined by thermogravimetric analysis (TA Instruments, dynamic
scans under N2, heating rate of 10
◦C/min from 50 to 650 ◦C). UV/vis spectra were
acquired on a PerkinElmer LAMBDA 25 UV/vis spectrophotometer. Zeta potential
values were measured on Malvern Zetasizer Nano ZS.
TEM imaging (JSM-2000) were carried out with operating voltage of 200 keV.
HR-SEM (FEI Magellan FX II) was used for surface characterization. AFM images
were taken using a scanning force microscopy (Dimension 3100, Nanoscope III, Digital
Instrument Co., Santa Barbara, CA) in tapping mode. Nanoscope software was used
for image processing and analysis. Luminescent cell viability assays (Promega) were
measured on FLUOstar OPTIMA plate reader (BMG LABTECH).
8.3 Chapter 2
8.3.1 Synthesis of mercaptoundecanoic acid covered Au NP (MUA-Au
NP)
Mercaptoundecanoic acid stabilized gold nanoparticles with an average size of
5 nm were prepared according to the method reported by Zheng et al.149 Au NPs
were prepared by dissolving [Au(PPh3)Cl] (0.25 mmol) and mercaptoundecanoic acid
(0.125 mmol) in THF/IPA (1:1 v/v) in a 20 mL vial. Tert-butyl amine borane complex
(2.5 mmol) was added with stirring. The mixture changed colors from light yellow
to deep red, purple after 4 h. The Au NPs were precipitated in ether and collected
by centrifugation. The NPs were purified twice by washings in chloroform:ether (1:9
v/v), followed by centrifugation at 4 krpm, 15 min. The precipitate was collected and
redissolved in MeOH.
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8.3.2 PFP-NP reaction with other amine containing molecules
Figure 8.1: PFP-Au NP reacted with: hexamethylene diamine (left), and
poly(ethylene imine) (right)
8.3.3 Synthesis of 11-(ω-mercaptyl)-undecanylamine (aminoundecylthiol)
Aminoundecylthiol was prepared using a modified Gabriel reaction from
11-bromo-undecene, followed by a photoaddition reaction, and simultaneous
deprotection of both protective groups in one step.87 Total yield: 58.3%
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Figure 8.2: Synthesis of 11-(ω-mercaptyl)-undecanylamine. 1H and 13C NMR
of compounds of phtalimide undecene (top), phtalimide undecane thioacetate
(middle), and 11-(ω-mercaptyl)-undecanylamine. 13C NMR signal indicating disulfide
formation in the final product is marked with asterisk symbol.
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8.3.4 Amine functionalization of CdSe@ZnS QDs (NP-2QD)
CdSe@ZnS gradient compositin QDs and CdSe/ZnS core/shell QDs were prepared
according to the literatures.6,26 Aminoundecylthiol was grafted to QDs by adding 5
wt equiv. of ligand to the solution of QD, followed by heating at 40 ◦C for 2 h.
The QDs were isolated by precipitation in hexane/CHCl3 mixture to obtain amine
functionalized QDs (NP-2c, average size: 12 nm)
8.3.5 Amine functionalization of Fe2O3 NPs (NP-2mNP )
Fe2O3 magnetic nanoparticles (mNP) were prepared according to the literatures.
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Crude, waxy solid of the mNPs was washed and precipitated three times in hexane-
acetone mixture (1:4 v/v). The mNPs were dissolved in chloroform, added with
dopamine hydrochloride (5 equiv. weight) in DMF. The mixture was sonicated for
1 h and let stand for 24 h. The resulting dopamine functionalized mNPs (NP-
2mNP ) were purified by precipitation in MeOH, centrifuged and redispersed in water.
The purification process was repeated twice and the highly water-soluble mNPs were
stored as aqueous solution. NP-1 grafting can be easily accomplished by adding 1020
µL of aqueous dopamine-mNP solution to excess amount of PFP-Au NP (2 mL, ∼10
mg/mL in DMF) in a 2 mL plastic centrifuge tube. The solution was swirled, let
stand for ∼2 h, and the NPs@NPs structure was separated from excess PFP-Au NPs
using a neodymium magnet. This purification process was repeated one more time
and the magnetically responsive NP structures became soluble in DMF.
8.3.6 XPS analysis of amine functionalized SiO2 NPs (NP-2SiO2)
Atomic ratio: O: 63.3%, Si: 19.0%, C: 13.8%, N: 3.8%. Eliminating SiO2
contribution: OH groups= 63.3-38=25.3% , –NH2 surface ratio: 3.8/25.3=15%
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8.3.7 Control experiments: MUA-Au NPs added to PFP-Au NP
Figure 8.3: TEM of cysteamine-Au NP added with MUA-Au NP. Scale bars = 100
nm
8.3.8 TEM images of NP-1 (PFP-Au NP) grafted on NP-2Au and NP-
2mNP
Figure 8.4: Densely grafted Au NPs@Au NPs. Scale bars = 10 nm
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Figure 8.5: NP-2mNP surface grafted with PFP-Au NP (Au NP@magnetic NP).
Scale bars = 10 nm.
8.3.9 Photoluminescence quenching of NP-2QD after addition of NP-1
(PFP-Au NP)
Figure 8.6: Photoluminescence quenching of NP-2QD in a quartz cuvette after added
with NP-1 (PFP-Au NP). The mixture was shaken at t = 240 min to confirm the end
of experiment.
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8.3.10 Control experiments: selective photoluminescence quenching of
QD by PFP-Au NP
Figure 8.7: (a) Oleic acid stabilized quantum dots (OA-QDs), control sample and
sample added with dodecanethiol stabilized Au NPs (DDT-Au NPs) (left), and their
fluorescence images (right); (b) OA-QDs mixed with amine functionalized QDs and
added with DDT-Au NPs (left) and its fluorescence image (right); (c) fluorescence
image of amine functionalized CdSe/ZnS core/shell QDs, control sample (left vial)
and sample added with PFP-Au NPs (right vial).
8.4 Chapter 3
8.4.1 Materials
Chemicals and solvents were purchased from Sigma-Aldrich unless specified
otherwise. Dodecanethiol-stabilized Au NPs were prepared by the one-phase and
two-phase methods, as described in the Supporting Information. The Au NPs were
purified by washings in mixtures of CHCl3 and acetone, followed by
centrifugation–redispersion cycles.Hanwell:2006bl
8.4.2 Synthesis of dodecanethiol stabilized gold nanoparticles by the one
phase method
Dodecanethiol stabilized gold nanoparticles (Au NP-1) with an average size of
5.3 nm were prepared according to the method reported by Zheng et al.149
Au(PPh3)Cl was prepared by dropwise addition of triphenylphosphine (3.6 mmol) to
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HAuCl4
.3H2O (1.8 mmol) in ethanol (5 mL). The product was filtered, washed with
ethanol, precipitated from acetone/THF (1:1), filtered and dried to obtain a white
powder (yield: 70%). Recrystallization from dichloromethane-pentane mixtures was
followed by washings to give the pure compound as white, transparent needles
(yield: 58%). Au NPs were prepared by dissolving Au(PPh3)Cl (0.25 mmol) and
125 µL of dodecanethiol in dry toluene (20 mL) in a round-bottom flask. Tert-butyl
amine borane complex (2.5 mmol) was added swiftly with vigorous stirring. The
mixture slowly changed colors from light yellow to deep red, purple in 2 minutes.
The mixture was heated in an oil bath preheated at 50 ◦C for 5 min under slow
stirring. The Au NP solutions was concentrated under a stream of N2(g), then
precipitated in cold ethanol and collected by centrifugation. The NPs were purified
twice by washings with chloroform:acetone (1:90 v/v) followed by centrifugation at
5 krpm for 15 min. The precipitate was collected and redissolved in toluene.
8.4.3 Synthesis of dodecanethiol stabilized Au NPs by the two-phase
method
Dodecanethiol stabilized Au NPs (Au NP-2) with an average size of 4 nm were
prepared with minor modifications of the Brust two-phase method.12 HAuCl4
.3H2O
(33 mg) solution in water (3 mL) was added to a solution of tetraoctylammonium
bromide (TOAB, 0.21 g) in toluene (8 mL). The mixture was stirred vigorously until
the aqueous solution became colorless; then the Au complex was transferred to the
organic phase. The organic solution was separated and stirred with dodecanethiol
(5 µL). A cold (0 ◦C) aqueous solution of sodium borohydride (36 mg in 2 mL) was
injected swiftly to the vigorously stirred solution. The solution immediately turned
dark purple, and was stirred for 2 h at room temperature. Toluene was evaporated to
∼3 mL by applying a gentle stream of N2(g), and the Au NPs were precipitated in cold
ethanol and collected by centrifugation. The NPs obtained were purified further by
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washings with CHCl3:acetone (1:90 v/v), followed by centrifugation at 5 krpm for 15
min. After the second centrifugation cycle (10 min, 5 krpm), trace Au NP remained
in the supernatant. The precipitants were collected (yield: 50%) and redissolved in
toluene.
8.4.4 Synthesis of dodecylamine stabilized Au NPs by the one-phase
method
Dodecylamine-stabilized Au NPs (Au NP-4) with an average diameter of 3.3
nm were prepared by modification of the method reported by Polavarapu.108
HAuCl4
.3H2O (25 mg) was dissolved in toluene (10 mL). Dodecylamine (DDA, 0.5
mL) was added, the solution was stirred vigorously, and combined with a cold (0
◦C) aqueous solution of sodium borohydride (2.5 mL, 10 mg/mL). The solution was
stirred for 5 min, washed with water, and the organic solution was separated.
Toluene was evaporated to ∼1 mL by applying a gentle stream of N2(g) and the Au
NPs were precipitated in cold ethanol and collected by centrifugation. The NPs
obtained were purified by this washing procedure twice, and the precipitate was
collected and redissolved in toluene.
8.4.5 Thermal sintering of Au NP ribbons
Thermal sintering of Au NP ribbons (prepared from Au NP-4 solution with
added PS additive) was carried out by placing the samples on pre-heated hotplate
(240 ◦C) for 5 min.
8.4.6 Preparation of Au NP Ribbons by Flow Coating (by Crosby Lab
members)
The flow coating process was conducted according to the protocol described in
previous work with slight modification.Lee:2013eh The blade, consisting of flexible
PET film (thickness: 80µm, width: 2.5 cm), was scored at 1.2 mm from the edge,
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creating a hinge and constant capillary region parallel to the substrate. The coating
blade was positioned 40◦ from horizontal surface, and the capillary region of the blade
was positioned 5 µm above the substrate. The Au NP solution in toluene (1.0 mg/mL,
[Au N5nm]=1.3 µM, 5 µL) was injected slowly to fill the capillary opening between the
blade and substrate. Once the solution was held by capillary forces under the blade,
the stage was translated at a velocity of 1.5 mm/s, with a 100–1000 ms stopping
time, giving a ribbon spacing of 30 µm. The stage translation was controlled from a
computer interface based on LabView (National Instruments, Austin, TX).
8.4.7 Conductivity Measurement of Au NP Ribbons
Top-contact and bottom-contact devices were made by evaporating 100 nm of
gold (Kurt J. Lesker, 99.9999%) on a metal-mask covered glass substrate (Fisher
Scientific). Conductivity measurements were carried out using the two-probe (500
Au NP ribbons, Keithley 4200-SCS, –1 to 1 V, 10 mV/s) and four-probe method (4
equally distanced (50 µm) electrodes (thickness: 100 nm), evaporated on 30 Au NP
ribbons, fixed current, Keithley 4200-SCS). Dual sweep was performed from 1 V to
1 V and repeated at least three times using different sweep rates (10 to 30 mV/s) to
confirm signal hysteresis. Conductivity values of the Au NP ribbons were calculated
from the resistance of parallel Au NP ribbons between Au IDE fingers using the
general resistivity formula and the dimensions of the ribbons.
8.4.8 Conductive AFM measurement
AFM conductivity measurements were obtained with an Asylum Research MFP-
3D atomic force microscope. The AFM is equipped with an ORCA module consisting
of a conducting cantilever holder and sample mount. Silicon AFM tips with a 25 nm
platinum coating, purchased from AppNano (model ANSCM-PT, nominal radius 30
nm; spring constant 3 N/m; resonance frequency 62 kHz), were used. Images were
recorded at room temperature in AC tapping mode and used as a map. The tip was
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then placed at a desired location and put into contact mode at a set point voltage of
0.2 V. Current-voltage plots were acquired with a voltage bias range of -1 V to 1 V
or -3 V to 3 V.
Figure 8.8: Current-voltage plot of single Au NP-1 ribbon measured across 0.2
V potential window using conductive AFM. Inset shows nonlinear current response
across 1 V potential window.
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8.4.9 TGA analysis of dodecanethiol covered Au NP samples
Figure 8.9: TGA profile of Au NP-1, Au NP-2 and Au NP-3
8.4.10 TEM analysis: size distribution of Au NP samples
The size distribution of Au NP samples were obtained from TEM image analysis
using ImageJ software and Particle Counting plugin.
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Figure 8.10: Size distribution of Au NP samples
8.4.11 XPS analysis of DDT-Au NP samples
Table 8.1: XPS analysis of dodecanethiol covered Au NPs. Phosphor and bromine in
the reaction by-products or excess ligands were not detected (below detection limit).
[mol %] Au C S C/S
Au NP-1 17.2 79.1 3.5 22.6
Au NP-2 17.3 79.7 2.8 28.5
Au NP-3 22.9 74.6 2.3 32.4
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8.4.12 Optical micrographs of Au NP-5 ribbons before and after thermal
sintering
Figure 8.11: Optical micrographs of a single Au NP-5 ribbon: (a) before, and (b)
after thermal sintering (240 ◦C, 5 min).
8.4.13 Comparison of thermally annealed Au NP ribbons added with
functional and non- functional polymers
Figure 8.12: Comparison of I-V response between thermally annealed Au NP
ribbons that were prepared from Au NP solutions added with thiol terminated
polystyrene (left) and non-functional polystyrene (right)
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8.4.14 AFM of Au NP-4 and Au NP-5 ribbons, before and after thermal
sintering
Figure 8.13: AFM cross section images of Au NP ribbons before (left) and after
(right) thermal annealing: (top) Au NP-4, (bottom) Au NP-5
8.5 Chapter 4
8.5.1 Synthesis of oleic acid functionalized CdSe@ZnS quantum dots
(OA-QD)
CdSe@ZnS gradient composition quantum dots of various core diameter were
synthesized according to a literature procedure.6 In a typical synthesis, into a
flame-dried flask equipped with stirrer, thermocouple and condenser was added
CdO (38.5 mg), zinc acetate (700 mg), oleic acid (17.6 mL) and octadecene (15
mL). The mixture was heated to 90 ◦C and degassed (3 times) by applying vacuum
for 5 minutes and refilling with N2(g). The mixture gradually became transparent,
and was heated for 15 minutes at 150 ◦C under N2(g), and the temperature was
103
increased to 300 ◦C. Separately, a solution of Se powder (31 mg) and S powder
(128.2 mg) was dissolved in tri-n-octyl phosphine (TOP); this solution was injected
quickly into the hot (300 ◦C) cadmium/zinc solution. The mixture was stirred at
300 ◦C for 10 min, then cooled to 60 ◦C, and precipitated in anhydrous methanol.
The precipitates were collected by centrifugation, dispersed in chloroform,
precipitated in acetone, and centrifuged. This purification was repeated twice to
remove excess ligands and isolate the oleic acid functionalized CdSe@ZnS gradient
quantum dots (OA-QD) as a bright orange solid.
8.5.2 Synthesis of thiol-terminated poly(styrene-co-azidomethylstyrene)
(PSAzSty-SH)
. PSAzSty-SH was synthesized by reversible addition fragmentation
chain-transfer (RAFT) polymerization.20 The RAFT agent, S-methoxy carbonyl
phenyl methyl dithiobenzoate, was synthesized according to a literature
procedure.102 Styrene (36 mmol), 4-vinylbenzyl chloride (4 mmol), the
dithiobenzoate RAFT agent (0.2 mmol), AIBN (0.04 mmol) and anhydrous anisole
(500 µL) were combined and degassed with N2(g), and the mixture was stirred at 70
◦C for 24 h. The reaction was terminated by cooling in an ice-bath and opening the
flask to air. The solution was diluted in dichloromethane, precipitated in methanol
and dried to obtain a pink powder (monomer conversion: 57%, M n: 11.2 kDa, PDI:
1.2). The polymer was dissolved in dry THF, and the solution degassed using three
freeze-pump-thaw cycles. Reaction with hexylamine (4 equivalents) for 18 hours
under N2(g) with stirring converted the dithioester chain-end to the free thiol. The
functionalized polymer was isolated using a similar precipitation procedure as given
above. Conversion of the chloromethyl groups to methyl azides was carried out by
reacting the polymer with NaN3 (5 equivalents) in DMF under N2(g) and stirring
overnight under ambient conditions. The polymer was collected by precipitation in
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methanol, dried under vacuum, and stored in a cold and dark environment under
N2(g). NMR and FT-IR spectra confirmed the presence of both thiols and azides,
with 14.5 mole percent azide-containing monomer as determined by 1H NMR
spectroscopy.
8.5.3 Synthesis of 10-Undec-ene-1-thiol (UDT-SH)
UDT-SH was synthesized with slight modification of the reported method.146 In
a flame-dried flask equipped with stirrer and reflux condenser, 11-bromo-1-undecene
(2.5 g, 10 mmol) and thiourea (3.8 g, 50 mmol) were stirred in anhydrous ethanol (300
mL). The mixture was refluxed for 24 h and cooled to room temperature; then, 50
mL of 2 M NaOH aqueous solution was added. The flask was covered with aluminum
foil, and the mixture was refluxed for 24 h, then allowed to cool to room temperature
and treated with 1M HCl until reaching neutral pH. The organic layer was separated,
and the aqueous layer extracted three times with dichloromethane (3 × 30 mL). The
combined organic layers were dried over Na2SO4, and solvent was removed under
reduced pressure. The desired product was dissolved in hexane, and passed through
a short plug of silica gel to afford the final product, UD-SH, as a colorless oil (2.1 g,
91% yield). 1H NMR (CDCl3, 300 MHz): δ=5.80 (ddt, 1 H), 4.98 (dd, 1 H), 4.93
(dd, 1H), 2.52 (q, 2H), 2.04 (q, 2H), 1.61 (quin, 2H), 1.39–1.2 (m, 13 H). IR (ATR):
ν = 3076, 2923, 2853, 1641, 992, 908, 720 cm−1. EI-MS: m/z: [M-H] Calcd: 185.36;
Found: 185.36.
8.5.4 Flexible Blade Flow Coating (by Crosby Lab members)
Silicon (Si) wafers (University Wafer, Inc.) were cleaned with toluene, ethanol
and deionized (DI) water sequentially, and dried under N2 stream. Flow coating
procedure was similar to that described in the previous section. A dilute QD solution
(3 µL, 0.1–1.0 mg/mL) was injected between the blade and the substrate, and the
motorized stage translates the underlying substrate over a programmed distance (700
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nm–30 µm) with intermittent stopping times (0.05–1 s). Grids were prepared by flow
coating a set of ribbons, photocuring, 90 ◦ stage rotation, flow coating of the second
component, followed by photocuring of the QD grids.
8.5.5 Floating and Wrapping of NP ribbons
Similar procedures were adopted for Si substrate washing–drying, and the Si
substrates were treated with UV ozone (model 342, Jelight Company, Inc.) for 15
min before spin coating. A water-soluble poly(acrylic acid) sacrificial film (PAA, 1.5
wt%) thin film was prepared by spin-coating a solution (3000 rpm, 45 s) on a Si
wafer. The PAA-coated substrate was then used for flow-coating photocrosslinkable
QDs. QD patterns were crosslinked inside an ultraviolet crosslinker box (CL-1000
UVP, 120 mJ/cm2, 302 nm) for 20 min at r.t. After UV exposure, water was added
to the edge of the substrate to release the crosslinked QD patterns. Submersing the
sample in a shallow bath of water (8 mL) can free the QD ribbons to produce QD
helices. Details of setup to extend and image QD helices are described in the
literature.106 The wrapping experiments were conducted by positioning the object
to be wrapped near the floating QD grids or ribbons, followed by water evaporation
or physical contact.67
8.6 Chapter 5
8.6.1 Synthesis of PFPE-dimethacrylate (PFPE-DMA)
Perfluoropolyethers with methacrylate end groups at both chain ends
(PFPE-DMA) was synthesized from poly(tetrafluoroethylene
oxide-co-difluoromethylene oxide)-α, ω-diol (ZDOL, Mn 3,800 g/mol, 95%, Aldrich).
To a flame-dried 10 mL round bottom flask, was added ZDOL (5.7 g, 1.5 mmol),
the viscous solution was bubbled with Ar for 15 min and added with
2-isocyanatoethyl methacrylate (EIM, 99% Aldrich, 0.43 mL, 3.0 mmol), Freon 113
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(2 mL) and dibutyltin diacetate (DBTDA, 99% Aldrich, 50 µL). The mixture was
heated at 50 ◦C for 28 h and protected from light by Al foil. The viscous solution
was then passed through neutral alumina column, eluting with Freon 113. The
turbid solution was passed through 0.45 µm polyethersulfone filter to obtain clear,
viscous solution. The filtration was repeated without dilution to obtain clear viscous
solution (3.8 g).
1H NMR of the polymer solution with non-deuterated solvent (Freon 113) showed
the presence of methylene and methacrylate groups. 1H NMR (CDCl3, 300 MHz): δ
6.12 (s, 1H), 5.54 (s, 1H), 5.19 (s, 1H), 4.44 (m, 4H), 4.23 (t, J = 5.2 Hz, 3H), 3.50
(m, 4H), 1.95 (s, 3H)
8.6.2 Photocuring of PFPE-DMA, template fabrication
PFPE-DMA was added with 0.1 wt% photoinitiator (hydroxycylclohexylphenyl
ketone, HCPK, 95%, Aldrich) and 4 drops of Freon 113. The mixture was sonicated,
applied as liquid drops on a glass slide and photocured under N2 (365 nm, 30 min).
Alternatively, the commercial PFPE-DMA can be used (contains inhibitor), however
the photoinitiator amount should be 1–2 wt %.
8.7 Chapter 6
8.7.1 Materials
(±)-α-Lipoic acid (LA), 2-hydroxyethyl methacrylate (HEMA),
4-(dimethylamino) pyridine (DMAP),
N -(3-(dimethylamino)propyl)-N’ -ethylcarbodiimide hydrochloride (EDC), ethyl
α-bromoisobutyrate (EBiB), copper(I) bromide, 2,2-bipyridine (bpy),
N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA), sodium cyanide,
mPEG5000, sodium borohydride, hydrogen tetrachloroaurate (HAuCl4, 99.999%),
hexadecyl trimethyl ammonium bromide (CTAB, >99%), silver nitrate (99.9999%),
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and cyclohexane (>99%) were purchased from Aldrich. 4-Cyanopentanoic acid
dithiobenzoate (CTP) and 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) were
prepared according to literature procedures. 4,4-Azobis(4-cyanoaleric acid) (ACVA)
was purified by recrystallization from methanol and stored at –80 ◦C. All other
materials were used without additional purification.
8.7.2 Synthesis of HEMA-LA
A mixture of LA (6.6 g, 32 mmol) and HEMA (4.2 g, 32 mmol) in CH2Cl2 (100
mL) was stirred at 0 ◦C. DMAP (1.9 g, 16 mmol) and EDC (9.2 g, 4.8 mmol) were
added as solids. The mixture was allowed to warm to room temperature and stirred
overnight. After washing with 1 N HCl (100 mL × 3), NaHCO3 (100 mL × 3), and
brine, the organic layer was dried over MgSO4. The solvent was removed by rotary
evaporation, and then the product was further dried under vacuum. HEMA-LA was
obtained as a yellow oil (10 g, 98%). 1H NMR (CDCl3, 300 MHz, ppm): δ 6.12 (s,
1H), 5.59 (t, J = 1.5 Hz, 1H), 4.33 (s, 4H), 3.55 (p, J = 6.5 Hz, 1H), 3.12 (m, 2H),
2.46 (m, 1H), 2.35 (t, J = 7.4 Hz, 2H), 1.94 (s, 3H), 1.91 (m, 1H), 1.67 (m, 4H), 1.47
(m, 2H). 13C NMR (CDCl3, 75 MHz, ppm): δ 173.2, 167.1, 135.9, 126.1, 62.4, 62.0,
56.3, 40.2, 38.5, 34.6, 33.9, 28.7, 24.6, 18.3. HRMS-FAB (m/z ): [M]+ calculated for
C14H22O4S2, 318.0960; found, 318.0966.
8.7.3 Synthesis of Poly(HEMA-LA)
To a 10 mL flask was added CTP (16.7 mg, 60.0 µmol), ACVA (3.4 mg, 0.012
mmol), and HEMA-LA (954 mg, 3.00 mmol) in HPLC grade dimethylacetamide
(DMAc, 5 mL). The mixture was degassed using N2(g) for 30 min then stirred at 70
◦C for 9.5 h. The polymerization was terminated by rapid cooling and exposure to
air, and the polymer was isolated by precipitation into methanol and dried under
vacuum. GPC for this sample, eluting with CHCl3 against polystyrene calibration
gave M n 7.8 kDa (PDI=1.37); IR:(cm
−1) 1730 (C=O). 1H NMR (CDCl3, 300 MHz,
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ppm): δ 7.91 (2H, Ph), 7.57 (1H, Ph), 7.42 (2H, Ph), 4.30 (–O–CH 2–O–), 4.18
(–O–CH2–CH 2–O–), 3.62 (–CH –S–), 3.19 (–CH2–S–), 2.51 (–CH 2-CH2–S–), 2.41
(–CO–CH 2–), 1.97 (–CH 2–CH2–S–), 1.72 (–CO–CH2–CH 2–CH2–CH2–), 1.52 (–CO–
CH2–CH2–CH 2–CH2–), 1.97–1.52 (–CH 2–C(CH3)–), 1.06, 0.88 (–CH3).
13C NMR
(CDCl3, 75 MHz, ppm): δ 177.2, 173.3, 63.0, 61.5, 56.5, 45.1, 44.8, 40.4, 38.7, 34.8,
33.9, 29.8, 24.7, 18.9.
8.7.4 Synthesis of Poly(HEMA-DHLA)
Poly(HEMA-LA) (200 mg, 0.6 mmol disulfide) was dissolved in a mixture of
dichloromethane (5 mL) and methanol (2 mL). The solution was stirred at 0 ◦C,
and NaBH4 (95 mg, 2.5 mmol) was added. The mixture was stirred at 0
◦C for 3 h,
during which time it became colorless. A solution of HCl solution (1 N) was added
to quench the reaction, and the mixture was washed with brine. The organic layer
was dried over MgSO4, and the solvent was removed to recover the polymer as light
yellow solid. The polymer showed a M n of 7.8 kDa (PDI=1.38) against polystyrene
standards on chloroform GPC. IR (cm−1): 2650 (S–H). 1H NMR (CDCl3, 300
MHz): δ 4.30 (–O–CH 2–CH2–O–), 4.18 (–O–CH2–CH 2–O–), 2.96 (–CH –SH–), 2.75
(–CH 2–SH), 2.11–1.31 (overlap), 1.06, 0.88 (–CH 3).
8.7.5 Synthesis of Poly(MPC-co-LA)
To a 10 mL flask were added CTP (8.4 mg, 0.03 mmol), ACVA (2.8 mg, 0.01
mmol), MPC (100–200 mol equiv. relative to CTP), and HEMA-LA (50–125 mol
equiv. relative to CTP). Methanol (5 mL) or methanol/DMAc (3:2, 5 mL) was added,
and the resulting mixture was purged with N2 for 30 min. The flask was immersed in
a preheated oil-bath at 70 ◦C. The polymerization was terminated by rapid cooling
and exposure to air. The polymer was isolated and purified by precipitation into
ethyl ether and passage through a short plug of silica gel eluting with MeOH. The
polymer was further purified by dialysis in water and was obtained as a pink solid
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after lyophilization (copolymer CP1, monomer conversion = 58%, M n = 14 kDa,
PDI = 1.31). The monomer conversions and aqueous GPC characterizations for
other copolymers are shown in Table Appendix. IR (cm−1): 1722 (C=O); 1H NMR
(MeOD-d4, 300 MHz): δ 4.20 (–O–CH 2–CH2–N–), 4.11 (–O–CH 2–CH2–O–), 3.96
(–O–CH2–CH 2–O–), 3.61 (–CH 2–N, –CH –S–), 3.17 (–N(CH 3)3, –CH 2–S–), 2.39 (–
CH 2–CH2–S–, –CO–CH 2–), 1.97–1.55 (overlap), 1.45 (–CO–CH2–CH2–CH 2–CH2–),
0.99, 0.81 (–CH 3).
13C NMR (MeOD-d4, 75 MHz, ppm): δ 179.1, 178.2, 174.9, 67.5,
66.2, 64.3, 63.0, 60.6, 57.8, 55.6, 54.8, 464.4, 46.1, 41.6, 39.6, 35.9, 34.9, 30.0, 25.9,
19.9, 18.0. 31P NMR (MeOD-d4, 121 MHz, ppm): δ -0.33.
8.7.6 Synthesis of Poly(MPC-co-DHLA)
Poly(MPC-co-LA) (1–2 g) was dissolved in methanol (5 mL) and water (10 mL)
mixture, and the polymer solution was cooled to 0 ◦C. NaBH4 (4 molar equiv. to
disulfide) was added as solid and the reaction was stirred at 0 ◦C until the pink
solution became light yellow (1–2 h). The reaction was quenched with 1 N HCl, and
the pH was adjusted to 3 (measuring with pH paper). The resulting polymer solution
was dialyzed in methanol, then water, at 4 ◦C in the dark for 2 days, and the polymer
was recovered by freeze-drying as white solid. The polymers were characterized by
aqueous GPC and 1H NMR, and the results are shown in Table 1 (Copolymer CP1-
R: Mn, 17 kDa, PDI=1.30, DHLA content=24 mol %). IR:(cm-1): 2560 (SH), 1722
(C=O). 1H NMR (MeOD-d4, 300 MHz): δ 4.20 (–O–CH 2–CH2–N–), 4.11 (–O–CH 2–
CH2–O–), 3.96 (–O–CH2–CH 2–O–), 3.61 (–CH 2–N), 3.17 (–N(CH 3)3), 2.88 (–CH -
SH), 2.62 (–CH 2–SH), 2.38 (–CO–CH 2–), 19.7–1.55 (overlap), 1.45 (–CO–CH2–CH2–
CH 2–CH2–), 1.15 (–SH ), 0.99, 0.81 (–CH 3). The peak (e’, –CO–CH 2–) in DHLA
and peak (f, –CH 2–N(CH3)3) in MPC were used to estimate the loading of DHLA.
13C NMR (MeOD-d4, 75 MHz, ppm): δ 179.1, 178.2 175.1 67.4, 66.2 64.3, 63.0, 60.7,
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55.8, 54.8, 46.4, 46.1, 44.3, 40.3, 39.8, 34.9, 27.7 25.8, 23.0, 20.0, 18.1. 31P NMR
(MeOD-d4, 121 MHz, ppm): δ –0.33.
8.7.7 Synthesis of CTAB-coated Au NRs
Au NRs were prepared according to a literature procedure with slight modification.
The glassware was cleaned with aqua regia prior to use. To a 50 mL Erlenmeyer flask
were added a CTAB solution (15 mL of a 80 mM solution). To this orange solution
were added acetone (0.32 mL), cyclohexane (0.22 mL), and silver nitrate (0.25 mL
of a 10 mM aqueous solution). Then, 200 µL of an ascorbic acid solution (40 mM)
in water was added, and the resulting transparent solution was transferred to quartz
cuvettes and subjected to UV irradiation (302 nm, 120 mJ/cm2) for 1 h.
8.7.8 Ligand Exchange of Au NRs
The Au NRs described above were filtered to remove excess CTAB, and the filtrate
purified by three centrifugation cycles (10 krpm, 30 min). Each centrifugation cycle
was followed by redispersion in water. The concentrated Au NRs were added with
water to 0.5 mL and added dropwise to aqueous solution of poly(MPC-co-DHLA) (25
mg in 8 mL). The mixture was sonicated for 30 min at r.t. and incubated overnight.
The mixture was added to centrifugal filter unit (Amicon Ultra, MWCO 100 kDa,
Millipore) and washed with water three times to remove unbound ligand. For surface
functionalization with PEG, 5 kDa DHLA-terminated PEG was prepared according
to the literature, and the ligand exchange was performed using the same procedure
as described above. The purified Au NRs before and after ligand exchange were
characterized by UV/vis spectroscopy and GPC in water. TEM characterization
showed the Au NRs to be ∼45 nm in length and uniform (aspect ratio ∼3). We
confirmed that Au nanospheres or other shapes were not present in the solution.
Surface functionalization of Au NRs by poly(MPC-co-DHLA) was confirmed by FTIR
(see Supporting Information).
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8.7.9 Digestion of Au NR with Cyanide Ions
CTAB-Au NR, PMPC-Au NR, and PEG-Au NR (200 µL, 0.2 nM) were mixed
with 200 µL of NaCN (24 mM) at room temperature, and UV/vis absorbance from
400 to 1100 nm was recorded at incremental time points.
8.7.10 Surface Fouling Study
Three mL samples of PMPC-Au NR and PEG-Au NR solutions (0.2 nM) were
incubated in disposable PMMA UV/vis cuvette for 4 d. The Au NR solution was
removed and the cuvettes were washed three times with water. The surface adsorption
of Au NRs on the inner wall of the cuvettes was confirmed by measuring their optical
absorbance.
Low resistivity Si wafers were immersed into 2 mL of PMPC-Au NR and PEG-Au
NR solutions (0.2 nM). After 4 d, the silicon wafers were removed from the solution
and dried in the air. PS (Mn: 200 kDa) and PMMA (Mn: 100 kDa) thin films were
prepared on low resistivity silicon wafers by drop casting their 2% solutions in toluene.
The polymer coated substrates were immesed into PMPC-Au NR and PEG-Au NR
solutions (0.5 nM, 5 mL) in 20 mL vials. The vials were incubated on a shaker (28
◦C) for four days, afterwhich the substrates were rinsed throughly with water and
allowed to dry in air. High resolution scanning electron microscopy (HRSEM) was
used to examine the surface of the substrates and to identify the presence of surface
adsorbed Au NRs.
8.7.11 Protein Fouling Assay
CTAB-Au NR, PMPC-Au NR, PEG-Au NR, and bovine serum albumin (BSA)
solutions (0.43 µg/µL) were prepared in sterile protease free water. BSA was mixed
and incubated with Au NR samples in a 1:1 weight ratio for 24 h at 37◦C in an
incubator shaker. Samples were then mixed with 2 × gel loading buffer (20% glycerol,
0.02% bromophenol blue and 0.12 M Tris-Cl), loaded into the wells of 0.8% agarose
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gel made in 1× sample running buffer (90 mM Tris, 90 mM boric acid in water, pH
7.2) and fractionated by applying 7.5 V/cm for 45 min. BSA was detected by staining
the gels with Bio-Safe Coomasie dye (BioRad) for 4 h and then directly imaged with
a digital camera
8.7.12 Cell Culture (PMPC-Au NR) and Cytotoxicity Assays
Human ovarian cancer (SKOV3) cells were cultured in α-minimum essential
medium (α-MEM) supplemented with 15% fetal bovine serum (FBS), while mouse
fibroblast NIH 3T3 (ATCC) cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS and grown in 5% CO2 incubators at
37 ◦C. For cytotoxicity assays, cells were seeded into 96 well plates. After reaching
about 40% cell density, the cells were incubated for 48 h with varying Au NR
equivalent concentrations of CTAB-Au NR, PMPC-Au NR, and PEG-Au NR
ranging from 0.047 to 18.8 µg/mL. Cell viability post-treatment was measured using
CellTiter-Glo luminescent cell viability assays (Promega) as per manufacturer
instructions on a FLUOstar OPTIMA plate reader (BMG LABTECH). The
percentage toxicity was calculated with respect to untreated cells and graphed to
give dose response curves using the GraphPad Prism4 statistical analysis software.
8.7.13 Cell Culture (PMPC-Au NP) and Cytotoxicity Assays
SKOV3 human ovarian cancer and NIH 3T3 mouse fibroblast cells were cultured
in DMEM medium supplemented with 10% fetal bovine serum (FBS). Cells were
grown in 5% CO2 incubators at 37
◦C. For in vitro cytotoxicity assays, cells were
seeded into 96 well plates. After reaching about 40% cell density, the cells were
incubated for 72 h with varying Au NP equivalent concentrations of PMPC-Au NP
and citrate-Au NP. Cell viability post-exposure was measured using CellTiter-Glo
luminescent cell viability assays (Promega) according to the manufacturer instructions
on a POLARstar OPTIMA plate reader (BMG LABTECH). The percentage toxicity
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was calculated with respect to untreated cells, and graphed to give dose response
curves using the GraphPad Prism4 statistical analysis software.
8.7.14 Hemolysis Assay
Human blood (4 mL) from a healthy donor was collected in EDTA containing
tubes (BD Biosciences), and then centrifuged at 2000 rpm for 5 minutes at 4 ◦C. The
supernatant was discarded, and red blood cells (RBCs) were then washed three times
with 40 mL of ice cold phosphate buffered saline (PBS) and the RBC concentration
adjusted to 5 × 108 cells/mL in PBS. RBC solutions were then mixed in a 1:1 ratio
(v/v) with Au NP solutions to yield final concentrations of 25 and 50 µg/mL. The
solutions were mixed and placed in the water bath at 37 ◦C for 1 h. The solutions were
then centrifuged in a benchtop centrifuge at 13.4 krpm for 5 min. The supernatant
was collected and absorbance measured at 560 nm. RBCs incubated with Triton
X-100 (w/v) or PBS served as positive and negative controls for hemolysis. Percent
hemolysis of the Au NP incubated samples was calculated relative to positive controls.
8.7.15 Hemolysis Studies (Optical Microscopy)
RBCs incubated at 37 ◦C for 1 h in 50 µg/mL Au NP solution (see hemolysis assay)
were examined for aggregation using a 10X objective on an optical microscope.
8.7.16 Pulmonary Toxicity Studies of Au NPs (Animal Studies)
Animal studies were performed in the facilities of Harvard School of Public
Health (Brain Research Group). Charles River-Dawley rats were supplied by the
facility and weighed 280.1±10.0 when used. Animals were housed two rats per cage
receiving HEPA-filtered air in Harvard SPH animal facilities. All animals were
accilmated in the facility under controlled temperature and humidity for one week
prior to use. Animals were supplied with water and certified chow ad libitum, in
accordance with guidelines and policy set forth by the Institute of Laboratory
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Animals Resources, National Research Council. All animal studies were carred in
compliance with the policies of the Institute of Laboratory Animal Resources
(National Research Council), approved by the National Institute for Occupational
Safety Health (NIOSH) Institutional Animal Care and Use Committee.
8.7.17 Nanoparticle Instillation
Pharyngeal aspiration was used to administer PMPC-NPs to animals. Animals
were lightly anesthetized with 3.5% isoflurane delivered in a box. After
anesthetization, the animal was placed on a board near vertically with tongue
extended using forceps. A solution of PMPC-NPs (total 1 mg Au NP /kg body wt)
in 100 µL was transferred through the pharynx, and the tongue was held until the
suspension was aspirated into the lungs. Animals treated with NPs and saline
recovered easily after anaesthesia with no behavioral or negative health outcomes,
and all animals in NP and PBS groups survived this NP exposure procedure.
8.7.18 Obtaining Bronchoalveolar Lavage (BAL) from Rats
After 24 h from PMPC-Au NP instillation, the animals were sacrificed. Incision
was made on the animal, the trachea was connected to a T-junction connected to 2
syringes (to load PBS into lungs, and to collect BAL fluid). BAL was performed
using cold sterile Ca2+ and Mg2+-free PBS in several portions according to the
standard procedure. The BAL fluid per rat was collected in sterile centrifuge tubes
and immediately cooled in ice-water bath. Pooled BAL cells for each rat were
washed in PBS by alternate centrifugation at 4 ◦C and resuspended. The BAL cell
counting and cytokine analysis were performed to evaluate inflammatory response.
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APPENDIX
SELF-IMMOLATIVE CROSSLINKER FOR TRIGGERED
DISASSEMBLY
The successful assembly of NPs into functional and robust nanostructures
(Chapter 3 and 4) prompted us to explore the prospect of reversing/disassembling
crosslinked nanostructures in a controlled manner. Successfull disassembly and
controlled degradation of polymers, hydrogels and nanocomposites into smaller
fragments have been reported in the literature.5,104 Advances in the synthetic
strategies to make stimuli-responsive self-immolative molecules/ polymers has
opened pathways for efficient drug loading, and targeted release of proteins and
chemotherapeutic drugs.9,116
The capability to “reverse” covalent assemblies of NPs, using an external trigger
(e.g., light, redox, enzyme, nucleophile, acid/base), back to the constituent NPs
presents new opportunities for targeted delivery, self-healing materials, and sensing
applications.104 To achieve this, chemical crosslinkers having cleavable covalent
bonds can be embedded between crosslinking junctions (Figure A.1). Several linker
and cleavage strategies may prove effective (e.g., ester hydrolysis (pH or enzymatic),
formation of cycloadducts (1,5-hexadiyne), disulfide redox). However many such
conditions are incompatible with the NPs and may cause ligand detachment from
the NP surface. Here a system is described in which NPs are initially crosslinked,
then released with an external trigger to recover the original NPs (Figure A.1).
Part of the work described in this chapter (scaling up crosslinker) was carried out together with
Eva Izquierdo (ESPCI visiting student).
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Figure A.1: Schematic illustration of crosslinking and decrosslinking of functional
nanoparticles
Inspired by self-immolative techniques,4,116 we seek to embed chemically
triggered functionality into NP crosslinkers. Using
(2-nitrobenzene-1,3,5-triyl)tris(methylene) tris(4-nitrophenyl) tricarbonate reported
for simultaneous release of tryptophan (Figure A.2a),116 amine functionalized
polymers or QDs can be prepared and connected to the crosslinker. The
nitrobenzene trigger, upon conversion to the amine intermediate, is expected to
disassemble by elimination, thus releasing the QDs (Figure A.2b). Here we used
monoamino terminated PEG (PEG-NH2, M n: 5 kDa) to ease the characterization
of the polymer crosslinking and release process.
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Figure A.2: (a) Preparation of trifunctional crosslinker from the reaction of (2-
nitrobenzene-1,3,5-triyl)trimethanol and p-nitrophenyl chloroformate. (b) Schematic
illustration of crosslinking and elimination release of amine functionalized NPs.
A.1 Synthesis of trimethanolbenzene (1)
A three neck flask equipped with magnetic stirrer was added with
trimethyl-1,3,5-benzene carboxylate (1 g–10 g) and dissolved in dry THF. LiAlH4
was added dropwise to this solution using addition funnel, the solution was stirred
overnight at 70 ◦C, quenched (Fieser method), and worked up (yield: 60%). 1H
NMR (300 MHz, MeOD-d4): δ=7.26 (3H, s), 4.61 (6H, s). 13C NMR (75 MHz,
MeOD-d4): δ=141.16, 123.66, 63.29.
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A.2 Synthesis of 1,3,5-tris((TBSO)methyl)benzene (2)
Compound 1 (25 g, 14.9 mmol) was dissolved in DMF and cooled to 0 ◦C. Imidazole
and TBSCl were added into the solution, stirred for 3 h under N2(g). The solution
was then diluted with ether, washed with water and back extracted (repeated if
necesary to remove DMF). The organic layers were combined and dried over
MgSO4. The compound was purified by column chromatography (Hex/EtOAc=
95:5) to give compound 2 as colorless oil (yield: 77%). 1H NMR (300 MHz, CDCl3):
δ=7.15 (3H, s); 4.72 (6H, s); 0.93 (27H, s); 0.09 (18H, s). 13C NMR (75 MHz,
CDCl3): δ=141.38, 122.53, 65.23,23.16, 18.50, -5.00.
A.3 Synthesis of 1,3,5-tris((TBSO)methyl)-2-nitrobenzene
(3)
Acetic anhydride was cooled to 5 ◦C and nitric acid (2 mL) was added dropwise.
The mixture was stirred for 15 min at r.t. and then cooled to -20 ◦C. Compound 2
(1.53 g, 3 mmol) in acetic anhydride (10 mL) was added dropwise. The reaction
mixture was allowed to warm to 0 ◦C and stirred for additional 30 min–1 h
(monitored). After completion, the reaction mixture was diluted with EtOAc and
washed with sodium bicarbonate, dried under MgSO4, filtered and concentrated.
The crude product was purified by column chromatography on silica gel
(Hex/DCM= 3:2) to give compound 3 in the form of a yellow oil (yield: 84%). We
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noted that this compound is photosensitive because it contains photocleavable,
ortho-nitrobenzyl group62 (Figure A.3) 1H NMR (300 MHz, CDCl3): δ=7.52 (2H,
s); 4.79 (6H, s); 0.92 (27H, s); 0.09 (18H, s).
Figure A.3: Photodegradation mechanism of compound 3
Because transformation of NO2 group to NH2 involves heterogenous catalyst (Pd-
C/ammonium formate, Zn/AcOH) that will contaminate the QD mixture, we decided
to use UV irradiation as the phototrigger because it gives cleaner reaction products.
A.4 Synthesis of (2-nitrobenzene-1,3,5-triyl)trimethanol (4)
Compound 3 was deprotected according to the standard HCl deprotection of
TBSO group (20% aq. HCl). The mixture was quenched with NaHCO3 and the
aqueous layer was extracted with ether. The combined organic layer was dried over
MgSO4 and precipitated in hexane/MeOH mixture to give compound 4 in high
purity as white solid (yield: 52%). 1H NMR (300 MHz, DMSO-d6): δ=7.48 (2H, s);
5.46 (3H, m); 4.54 (6H, m). 13C NMR (75 MHz, DMSO-d6): δ=145.70, 145.44,
134.59, 124.91, 62.29, 59.33.
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A.5 Synthesis of trifunctional crosslinker (5) and PEG-NH2
grafting
To obtain compound 5, compound 4 was reacted with p-nitrophenylchloroformate
(PNP-Cl). However despite employing various reaction conditions (e.g., equivalents
of PNP-Cl, catalyst: DIPEA, pyridine, TEA), the product 5 remained difficult to
separate from the starting materials.
We then explored the possibility of combining PNP functionalization and PNP-
amine reaction in a single step, because a model reaction using benzyl alcohol showed
PNP-Cl can react rapidly with the alcohol to form benzyl (4-nitrophenyl) carbonate,
and later reacted readily with amine-PEG (Figure A.4) to form the desired carbamate.
Figure A.4: 1H NMR spectra of benzyl (4-nitrophenyl) carbonate (left) and PEG-
benzyl carbamate (right)
Therefore compound 4 was added with 3 equiv. of PNP-Cl and after 2 h, followed
by adding 3 equiv. of PEG-NH2. After 1 h, the polymer was precipitated in ether
and centrifuged. The precipitated polymer was dissolved and were analyzed using
aqueous GPC.
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A.6 Results
GPC analysis of the polymer before crosslinking showed that the average molecular
weight of PEG-NH2 was 5.5 k with PDI of 1.02. After crosslinking, GPC analysis
of the polymer sample showed two peaks (instead of the expected broad peak) with
similar intensity, indicating the presence of crosslinked and noncrosslinked polymer
(Figure A.5). From the estimated amount of polymer chains added to the mixture to
react with each PNP unit of the crosslinker, the result indicated that all PNP unit of
the crosslinker reacted with the amine functionalized PEG to give three-arm polymer
((PEG-NH2)3 (trisPEG), M n: 13.2 k, PDI: 1.05) as they reacted with approximately
75% of the PEG in the solution, leaving 25% of PEG-NH2 (M n: 5.3 k, PDI: 1.07) as
simply excess polymers.
Further, we observed the decrease of the first peak (trisPEG) upon UV
irradiation (0.4 mW/cm2, 365 nm), while the second peak remained stable.
Reacting the polymer mixture sample with Pd/C/ammonium formate did not alter
the height nor shape of the peak corresponding to trisPEG, indicating that indeed
NO2 trigger was sterically hindered and phototrigger is a more effective method to
release the PEG arm. Increasing the irradiation time (additional 6 h) and
irradiation intensity (75 mW/cm2 for 2 h) further decreased the peak of trisPEG
but not alter the peak shape of the unreacted PEG (no significant broadening of the
second peak). Increasing the irradiation time at this strong UV irradiation for
additional 7 h resulted in broadening of the second peak, suggesting polymer
degradation.
The release of PEG arm because of phototrigger mechanism could be qualitatively
observed. While the original polymer solution is transparent, the trisPEG solution is
yellow (because of the presence of the nitro group). After UV irradiation, the color
of the solution returned to almost clear transparent.
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Figure A.5: Left: GPC spectra of PEG-NH2 (black) and bimodal polymer spectra
obtained after adding PEG-NH2 to the crosslinker solution (red). Right: GPC spectra
change over time as the polymer solution was irradiated with UV to trigger the self-
immolative process and release PEG chains. Inset (from left to right): vials showing
the solution of PEG-NH2, trisPEG, and the polymer solution after UV irradiation.
A.7 Summary and Future Outlook
This appendix describes a proof-of-concept studies of triggered self-immolative
crosslinker, where trifunctional crosslinker was synthesized and used to reversibly
crosslink amine functionalized polymers. Amine functionalized PEGs were crosslinked
upon addition of the crosslinker and released upon UV irradiation. Although similar
result is expected for amine functionalized NPs, the effectiveness of UV to reach the
phototrigger unit hidden in the NP structure, NP’s optical absorbance, and thiol
oxidation after prolonged UV irradiation should be considered.
The capability to reversibly crosslink functional NPs, and giving back the
original functionality of the NPs will make such technique highly efficient in sensing,
delivery and nanocomposite applications. The synthesis of such crosslinkers from
commercially available cresol based compounds or bifunctional 2,6-
bis(hydroxymethyl)phenol can be more attractive as they may allow faster
mechanical properties change upon triggering with UV irradiation.
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